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EXECUTIVE SUMMARY

The March 1, 2005, Compliance Order on Consent (the Consent Order) signed by the New Mexico
Environment Department (NMED), the Department of Energy, the Regents of the University of California,
and the State of New Mexico Attorney General requires Los Alamos National Laboratory (the Laboratory)
to prepare and submit a groundwater background investigation report. The Consent Order was issued
pursuant to the New Mexico Hazardous Waste Act, New Mexico Statutes Annotated (NMSA) 1978,

§ 74-4-10, and the New Mexico Solid Waste Act, NMSA 1978, § 74-9-36(D). This report describes work
completed to satisfy the Consent Order requirement.

This report presents background concentrations for naturally occurring metals and general chemistry
parameters in groundwater and provides the bases for these concentrations. It provides a validated
database of inorganic and radionuclide analyses of groundwater samples collected from 29 background
springs and wells located in and around the Laboratory. Background values were determined for the three
groundwater types—alluvial, perched intermediate, and the regional aquifer occurring beneath the
Pajarito Plateau and the Laboratory.

This background investigation report is an evaluation of the applicability of background sampling
locations, the quality of background data from those locations, and the distinguishing characteristics of
the aquifer types sampled. Results of this investigation, including hydrostratigraphic descriptions, multiple
chemical analyses, and statistical evaluations of multiyear data sets, provide a technically defensible
background database for candidate groundwater sampling locations for the Pajarito Plateau and Sierra de
los Valles. These locations were selected to be free of Laboratory and other anthropogenic influences
and are considered to be valid background locations with respect to the Laboratory. The aquifers studied
exhibit specific chemical characteristics that will be used for future data screening and comparisons.

The number of locations has been expanded from the 15 locations in the original report (Groundwater
Background Investigation Report, Rev. 0, LANL 2005, 090580). Some of the original locations were
eliminated because of anthropogenic influences; other locations were added to describe more completely
the statistical variations found in the regional aquifer in and around the Laboratory.

A principal component analysis (PCA) and cluster statistical analysis was performed prior to the final
selection of background locations to group different regional water types statistically. An additional
Student’s t-test indicated differences between facies or locations based on sample variances. In
particular, because of long residence times (longer evolution time), some regional sampling locations tend
to have higher total dissolved solids and other solute concentrations than locations with shorter residence
times (less evolution). Waters nearer the Sierra de los Valles tend to be less evolved than waters
discharging to wells and springs near the Rio Grande. This observation follows tritium dating indicating
that these are older water facies that have occupied flow paths for much longer residence times.

The PCA delineated similarities in regional groundwater chemistry among locations on the Pajarito
Plateau. The PCA also distinguished several locations that sample different, and likely more evolved,
hydrochemical facies in locations near the plateau (e.g., wells near San lidefonso Pueblo or the

Rio Grande). These locations were eliminated from further consideration in the final background data set
per NMED. Further discussion with NMED eliminated other locations that may exhibit anthropogenic
contamination. The remaining locations were combined to create the final set of regional locations, which
blends the different chemistries beneath the plateau.

In this final selection of locations, the alluvial groundwater is represented by well LAO-B and Pine Spring.
The perched intermediate groundwater is represented by Seven Springs, Water Canyon Gallery, Cafion
de Valle-5.0 Spring, Barbara Spring, Campsite Springs, and well LAOI-1.1(a). The regional aquifer is
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represented by Springs 1, 5B, 6, 6A, 8A, 9, 9A, 9B, Sacred Spring, Ancho Spring; and wells G-1A, G-2A,
G-3A, G-4A, and G-5A, PM-2, PM-4, PM-5, R-1, R-13, and R-21. Since the writing of version 2 of this
report in February 2007, new data for well R-18 have indicated RDX contamination. Therefore, per
discussion with NMED on May 4, 2007, R-18 was removed as a background location.

A set of location-screening parameters and data-quality criteria were developed for this revision of the
report. In addition, the data used for this revision were selected from data sets measured largely after
January 2000. These data are derived from documented sampling and analytical methods. The expanded
number of background locations provides a better basis for statistical analysis and a more accurate
picture of the range of natural inorganic chemical and radionuclide values within the different groundwater
facies near the Laboratory than in Revision 0.

The term “background” is used in this report to refer to natural groundwaters that have not been
contaminated by the Laboratory or other municipal or industrial sources; that occur at springs or are
penetrated by wells; and that are representative of groundwater discharging from their respective host
rocks or aquifer material. The locations were sampled for chemical and radiochemical analyses. As a
group, groundwater samples from alluvial or perched intermediate sources sampled as part of this
investigation have low dissolved concentrations of major ions and trace elements (for example, chloride,
nitrate, sulfate, boron, and natural uranium). In the regional aquifer, total dissolved solids and, thus,
metals and major ions varied systematically and geographically, with the highest concentrations in the
most evolved water discharging nearest the river and the lowest concentrations in younger waters that
are the least evolved geochemically. Spring sites are located around the periphery of the Laboratory. One
spring site (Seven Springs) was chosen because it occurs roughly 30 km west of the Laboratory and
discharges from the Bandelier Tuff (the most common rock type within Laboratory boundaries). Seven
Springs water contains low concentrations of chemical solutes and anthropogenic tritium at levels
approximately equal to that of precipitation in this region.

There are differences in the hydrochemistries of background alluvial; perched intermediate groundwaters;
and the regional aquifer groupings. Variations in natural groundwater compositions within the three
aquifer types are controlled by adsorption/desorption and precipitation/dissolution reactions, aquifer
composition of reactive minerals and amorphous solids, types of microbial populations, and the residence
time along groundwater flow paths. Groundwater compositions include calcium-bicarbonate type water for
alluvial and perched intermediate locations. The regional aquifer ranges from a calcium-sodium-
bicarbonate to a sodium-calcium-bicarbonate type of water. Alluvial and perched-intermediate
groundwaters occur within the vadose zone above the regional water table.

Native alluvial groundwater contains calcium, sodium, silica, and bicarbonate as the dominant solutes.
Background activities of tritium exceed 30 pCi/L within alluvial groundwater.

Background perched intermediate groundwater stations within the Sierra de los Valles sampled during
this investigation contain tritium derived from the atmosphere (cosmogenic and residual bomb pulse).
Perched intermediate groundwater beneath the Pajarito Plateau, however, contains background activities
of tritium less than 2 pCi/L. Native groundwater within the regional aquifer most commonly contains less
than 1 pCi/L of tritium.

The natural aqueous geochemistry of the regional aquifer is characterized by residence times exceeding
10,000 years. The regional aquifer generally contains the highest natural concentrations of calcium,
sodium, barium, boron, and uranium in comparison to alluvial or perched intermediate groundwater.
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The statistical analyses of the background data included the evaluation of normal quantile plots, box
plots, time series analysis, and statistical data summaries. The evaluation identified data not
representative of background, relationships between analytes, sample distributions (normal, lognormal, or
bimodal), relationships between sampling locations, relationships between aquifer types, parametric and
nonparametric statistical modeling options, and the frequency of nondetected values by analyte and by
potential data subpopulations. No outlier identification was performed for this analysis, and outlier data
were retained with each data set.

While some specific trends were noted, the typical general chemistry and metals values reported here for
data from 2000 through 2006 did not tend to be significantly different than was reported in Revision 1 of
this report (data from 1997 through 2000). The expanded list of locations for the perched-intermediate
and regional aquifers generally did not have different typical median values.

When distinct regional geochemical populations are combined, as in Revision 2 and this revision, higher
screening values are derived for some constituents than if the populations had been separated.

The values illustrated in Figures ES-1a and b are maximum screening values that represent
uncontaminated groundwater across the Pajarito Plateau. These are conservative values in that at least
95% of detections are below these values (upper tolerance limits or maximum values). They illustrate the
summation of water quality, including general chemistry and metals analyses and parameters from a
large data set. They are derived from a large geographical area beneath the Pajarito Plateau, from
recharge and discharge zones, and across the three groundwater types including the regional aquifer,
which is most strongly represented.
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Figure ES-1a. Screening values for selected major chemical constituents for regional, perched
intermediate, and alluvial groundwaters
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Figure ES-1b. Screening values for selected metals for regional, perched intermediate, and
alluvial groundwaters
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1.0 INTRODUCTION

1.1 Rationale for Investigation

The March 1, 2005, Compliance Order on Consent (the Consent Order) signed by NMED, the U.S.
Department of Energy (DOE), the Regents of the University of California, and the State of New Mexico
Attorney General requires Los Alamos National Laboratory (LANL or the Laboratory) to prepare and
submit a groundwater background investigation report. The Consent Order was issued pursuant to the
New Mexico Hazardous Waste Act, NMSA 1978, § 74-4-10, and the New Mexico Solid Waste Act, NMSA
1978, § 74-9-36(D). This report describes work completed to satisfy the Consent Order requirement.
Information on radioactive materials and radionuclides, including the results of sampling and analysis of
radioactive constituents, is voluntarily provided to NMED in accordance with DOE policy.

This report presents background concentrations for naturally occurring metals and general chemistry
parameters in multiple groundwater facies in and near the Laboratory and provides the sampling,
analytical, and statistical basis for these concentrations. Background hydrogeochemical data
requirements are also addressed in the “Hydrogeologic Workplan,” sections 1.0 and 4.0 (LANL 1998,
059599), and within individual work plans prepared by the Environmental Programs—Water Stewardship
Program (EP-WSP). This background investigation is further addressed in the Groundwater Protection
Management Program Plan, section 4.0, Groundwater Protection Efforts at the Laboratory, and section
5.0, Issues and Solutions (LANL 1996, 070215).

Background hydrogeochemical data with corresponding statistical information are required to distinguish
between contaminated and uncontaminated waters for environmental investigations conducted at the
Laboratory. Background hydrogeochemical data also provide information for environmental risk
assessments; for Resource Conservation and Recovery Act (RCRA) site investigations; for evaluating
hydrogeochemical processes occurring along groundwater flow paths; for defining recharge and
discharge zones and hydrological pathways; and for establishing cleanup levels during the remediation of
contaminated waters at the Laboratory.

1.2 Scope of Report

This report provides background hydrogeochemical data for the alluvial, perched intermediate, and
regional groundwater systems beneath the Pajarito Plateau and the Laboratory. It includes a validated
database of major, minor, and trace elements, metals, and radionuclide analyses of groundwater samples
collected from 29 background locations including 16 springs and 13 wells. The term “background” as
used here refers to natural waters that have not been contaminated by Laboratory effluent or other
municipal or industrial activities, that are discharged by springs or penetrated by wells, and that are
representative of groundwater discharging from its respective aquifer material.

The region considered in this investigation extends from the western edge of the Jemez Mountains
eastward to the Rio Grande and from Frijoles Canyon northward to Garcia Canyon. Figure 1.2-1 shows
the stations sampled for this investigation. The choice of sampling sites was made using previously
published knowledge of the Jemez Mountains/Pajarito Plateau region (Vuataz and Goff 1986, 073687,
Shevenell et al. 1987, 006673; Adams et al. 1995, 059066; Blake et al. 1995, 049931; Shevenell and Goff
1995, 073689). The locations of sampling sites were discussed with NMED in 2005 (Dale 2005, 088774)
and approved in 2006 (NMED 2006, 094447). Based on these discussions, 16 springs and 13 wells were
chosen, and the sites were separated into three aquifer material types: alluvium, perched intermediate-
depth volcanic rocks, and the regional aquifer units.
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The sampling stations and associated aquifer types are listed in Table 3.1-2, and are briefly discussed
below. Revision 2 of this report includes a larger and somewhat different set of locations than Revision 1.

Alluvium

Well LAO-B and Pine Spring were selected as being representative of alluvial groundwater. Although a
portion of groundwater that discharges at Pine Spring flows through the Puye Formation and lavas of the
Keres Group, water samples were collected from the alluvium at the point of discharge.

Perched Intermediate Volcanic Rocks

Five springs or groups of springs (e.g., the Water Canyon Gallery) and one well were selected as being
representative of groundwaters in the perched intermediate system. These locations primarily sample
waters originating in the Bandelier Tuff or Tschicoma Formation and include the Water Canyon Gallery
(Bandelier Tuff), Seven Springs (Bandelier Tuff), Campsite and Barbara Springs (Tschicoma Formation
and Tschicoma and Bandelier contact), Cafion de Valle-5.0 Spring (Bandelier Tuff near the contact with
the Tschicoma Formation) (previously described as Upper Cafion de Valle Spring), and well LAOI-1.1(a)
(Bandelier Tuff).

Regional Aquifer

Ten springs and 11 wells were selected as being representative of groundwaters in the regional aquifer.
They include Springs 1, 5B, 6, 6A, 8A, 9, 9A, 9B, Sacred Spring, and Ancho Spring; and wells G-1A,
G-2A, G-3A, G-4A, G-5A, PM-2, PM-4, PM-5, R-1, R-13, and R-21. The corresponding geologic units are
shown in Table 3.1-2. Note that since the publication of Revision 2 of this report in February 2007, well
R-18 has shown contamination with RDX, and, therefore, has been removed from Revision 3. In addition,
Doe Spring was removed from this report version because of low and inconsistent flow.

1.3 Objectives

The primary objective of Revision 3 of this report is to provide background hydrogeochemical
concentrations for naturally occurring metals and general chemistry analytes for the three groundwater
systems beneath the Pajarito Plateau and the Laboratory. Secondary objectives of this investigation
include the following:

e compiling groundwater data from background stations (springs and wells) sampled primarily from
2000 to 2006 for alluvial and perched intermediate groundwater and the regional aquifer; and

e providing statistical distributions and analyses for the different analytes occurring within alluvial,
perched intermediate, and regional aquifer groundwater facies.

1.4  Approach

Field and analytical methods are discussed in detail in section 3.0. For most data collected between 2000
and 2006, filtered and nonfiltered water samples were collected and analyzed for chemical constituents
and parameters. Additional data collected during or prior to 1997-2000 also were used when later data
were not available (Pine Spring and Spring 9B). Inorganic compounds analyzed included major ions,
minor elements, and trace elements; and natural and fallout-derived radionuclides. The analytes fall into
one or more of the following three categories: RCRA metal or other target metal analytes; general
chemical indicators of hydrochemical facies relevant to a geochemical conceptual model; and other
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analytes that are not RCRA metals. These three categories are based on regulatory and scientific
perspectives that support decisions regarding the nature and extent of contamination and provide an
understanding of geochemical reactions occurring along flowpaths within alluvial and perched
intermediate groundwater and within the regional aquifer.

For each sample station, results of statistical analyses are provided in this report for 18 major ion species;
30 metals including uranium; tritium; 6 radionuclides; gross-alpha, -beta, and -gamma radiological
measurements; and two field parameters. Anthropogenic organic compounds such as trichloroethane,
high-explosives (HE) compounds, polychlorinated biphenyls (PCBs), and other volatile and semivolatile
chemicals were not included as part of this investigation because they were deemed to be introduced and
are not indicative of background or natural values. Because technetium-99 is synthetically prepared, it
also was not included in this investigation. The presence of these anthropogenic constituents was used
as part of the initial screening to remove potentially impacted locations from the candidate location list.

A two-step screening was performed to select the best locations to represent background for this report.
Locations included in the original “Groundwater Background Investigation Report,” Revision 0 (LANL
2005, 090580) were included for evaluation, along with additional possible locations for all three aquifer
types. Locations that were clearly impacted by Laboratory-sourced constituents or other anthropogenic
activities, such as road-salt contamination, were excluded from this listing. Locations with data obtained
between 2000 and 2006 were included in the listing. Older data (1997 to 2000 or earlier if necessary)
were used only if no data were available for 2000 to 2006. Locations were then screened for criteria such
as age, location up- or down-gradient in unimpacted areas, mode of occurrence, availability of data,
length of sampling record, data quality, consistency of sampling location for springs, and the ability to
meet well-screen criteria for wells (section 3.1.2).

The resulting list of 29 locations was then screened for evidence of corrosion in wells. Levels of iron,
chromium, nickel, manganese, and copper were evaluated. For example, wells LA-5 and LA-3 were
subsequently eliminated because of high levels of copper (greater than three standard deviations from
the mean of other well values and at least three to 10 times the concentration in other evaluated wells).

In addition, classification of groundwater with respect to the aquifer unit was based on well depth,
hydrogeologic units penetrated, depth to the zone of saturation sampled and observed, or the projected
position of the regional water table at that location.

Various statistical methods were used for the assessment of the background data. Section 4 of this report
provides details and results of statistical analyses of groundwater samples used. Graphs presented in
Appendix C provide an overview of the data set for each constituent. These graphs compare filtration
type, groundwater group, location, and trend over time. Methodology and results of cluster analysis (CA)
and principal component analysis (PCA) are discussed in section 4. The assessment also includes data
to meet certain U.S. Environmental Protection Agency (EPA) and NMED regulations that require a
statement of the locations, frequency of sampling, and laboratory analytical methods for groundwater
monitoring.

Interlaboratory comparisons of data collected between 1997 and 2000 for a subset of the current reported
locations are included in Appendix F. These comparisons were made to support the use of Earth and
Environmental Sciences-6 (EES-6) analyzed data instead of data analyzed under contract with analytical
laboratories. As a quality measure for the investigation, the differences between field duplicate
measurements for all water-chemistry analytes were assessed by comparing concentrations of samples
and their duplicates. The laboratories used different analytical methods for some analytes (e.g., uranium,
tritium, and trace metals). Contract and EES-6 analytical laboratory sample results for seven inorganic
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chemicals and four water-quality parameters (anions, cations, silica, and total dissolved solids [TDS])
were compared and are presented in the appendix.

The Cerro Grande fire burned several major watersheds west of and within the Laboratory in May 2000.
These watersheds included Guaje Canyon, Pueblo Canyon, Los Alamos Canyon, Sandia Canyon, Water
Canyon, Mortandad Canyon, Pajarito Canyon, and Cafion de Valle. Section 2.2.2.4 discusses the short-
term impact of the fire on springs and wells in those canyons. Sampling of springs, surface water, and
alluvial groundwater from 2001 to 2003 showed that most analytes had decreased to concentration levels
measured before the fire (Gallaher and Koch 2004, 088747). Data from more recent sampling events
(included in this report) also show concentrations near pre-fire levels.

15 Changes in Revision 1

The original version (Revision 0) of this report was submitted to NMED on June 30, 2005 (LANL 2005,
090580). Revision 1 of this report incorporated changes made in response to NMED comments in a
notice of deficiency (NOD) dated July 3, 2006 (NMED 2006, 092742). Revision 1 was submitted to NMED
on September 1, 2006 (LANL 2006, 094637). The interpretations of results and conclusions were revised
to reflect data reported in tables and depicted in Appendix C of Revision 1. The hydrogeochemical model
was expanded to acknowledge additional processes and influences on groundwater chemistry. The most
significant change was the reduction from 15 to 12 background locations, with the deletion of Sacred
Spring, Pajarito Spring, and La Mesita Spring. Sacred Spring was deleted because of potential source
contamination in pre-2000 data. Pajarito Spring showed anthropogenic contamination, and La Mesita
Spring was located east of the Rio Grande.

1.6 Changes in Revision 2

Revision 2 of this report replaced the previous data set in Revision 1 with a more recent, larger data set
that incorporated the newest sampling and analytical methods, and, in some cases, lowered detection
limits. Older data (1997-2000) were retained only if newer data (2000-2006) were not available for a
particular location. Locations were added to improve the description of the regional and
perched-intermediate groundwaters. The total number of locations increased from 12 to 30; Apache
Spring was deleted because of road-salt contamination; well Otowi-4 and Doe Spring were deleted at
NMED’s request (NMED 2006, 094447); well Guaje-5 was replaced by the newer Guaje-5A; and Sacred
Spring was reinstated from Revision 0 after data were verified to match the precise source at the spring.
A larger data set was not proposed for the alluvial groundwater because data indicate that individual
recharge areas, such as specific canyons or watersheds, yield variable constituent results that tend to be
more dependent upon geographic locale and less dependent upon aquifer geology or flowpath evolution
(NMED 2006, 094447).

The previous data set was very small and generally insufficient for robust statistical analysis. Comments
on Revision 0 indicated a need for better statistical descriptions of the background results. In response,
expanded and improved statistical analysis methods appropriate to large areas and large regional data
sets (PCA and CA) were added to distinguish more closely the statistical similarities between regional
aquifer locations. As a result, three statistically different location groupings, reflecting different facies
within the regional aquifer, are discussed in section 4.0. However, in response to comments by NMED
(NMED 2006, 094447), one location grouping was dropped and the other two groupings were combined
to yield one final regional data set.
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The hydrogeochemical conceptual model was streamlined. The report was reorganized to emphasize the
characterization of metals and inorganic constituents per the Consent Order, while retaining in the
appendices discussions of secondary topics such as interlaboratory comparisons and other historical
data.

1.7 Changes in Revision 3

Revision 3 was prepared in response to NMED comments provided in the department’s “approval with
direction” on Revision 2. The most substantial changes involved reclassifying the water supply wells as
unfiltered and removing R-18 from the data set because of recently detected RDX contamination. These
changes required revisions to Tables 4.2-3 and 4.2-4. In addition, the Student’s t-test was replaced by the
Mann-Whitney U-test. Other changes were made for clarification and consistency.

2.0 BACKGROUND

2.1 Regional Geologic Framework and Conceptual Hydrogeologic Framework

A technically defensible conceptual hydrogeologic model is essential for characterizing background
hydrochemistry, selecting suitable sampling sites, and correctly ascribing the sites to various parts of the
hydrologic system. To develop the conceptual hydrogeologic model presented in section 2.1.5, it is
necessary to understand the geologic framework of the region and how it controls the occurrence and
movement of groundwater. This geologic framework is presented below in sections 2.1.1 through 2.1.4.
The hydrogeologic setting of springs and wells and controls on the mode of groundwater occurrence
(alluvial, perched intermediate, and regional aquifer) place constraints on groundwater residence times
(more rapid fracture versus slower porous media flow). The chemical composition of groundwater is
controlled by recharge and precipitation inputs, equilibration and partial equilibration with different rock
formations, climate, topography, and time. Near the Laboratory, complex topography, variation in rock
types, distinct recharge and discharge zones, and evapotranspirative effects of a dry climate on recharge
are factors defining the different hydrologic facies that occur beneath and near the Pajarito Plateau.
Climate differences (near alpine to high desert), hydrologic regimes (porous flow to fractured rock),
different geologic environments (alluvial valley fill, fractured volcanic, mineralized zones, and sedimentary
rocks) vary widely within the region, leading to a variety of groundwater facies that reflect changes in
geochemical composition along flow paths.

2.1.1  Previous Work, Regional Geology

The Pajarito Plateau lies on the east flank of the Jemez Mountains and on the western margin of the
Espariola Basin (Figure 2.1-1). For the hydrogeologic discussions that follow, the Pajarito Plateau and
underlying rock units are considered as a geologic feature of the Espafiola Basin segment of the Rio
Grande rift (Manley 1979, 011714). The upper surface of the Pajarito Plateau, however, is composed
primarily of the eroded top of the Tshirege Member of the Bandelier Tuff, a large-volume rhyolitic ash-flow
tuff (ignimbrite) erupted from the Valles Caldera of the Jemez volcanic field (Smith and Bailey 1966,
021584).

Regional geologic maps that cover all or part of the Pajarito Plateau include those of Griggs (1964,
092516) for hydrogeologic investigations centered on Los Alamos; Smith et al. (1970, 009752) for
volcanologic investigations of the Jemez Mountains; Kelley (Kelley 1978, 011659) for tectonic
investigations associated with the Rio Grande rift; and Rogers (1995, 054419) for Laboratory waste
management studies. Several geologic maps of nearby areas focus on a variety of subjects in the
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Espafiola Basin/Pajarito Plateau region. They include those of Galusha and Blick (1971, 021526); Aubele
(1978, 086539); Dethier and Manley (1985, 021506); Goff et al. (1990, 021574; 2002, 088776); and
Dethier (1997, 049843).

Detailed geologic studies of the Bandelier Tuff are found in Broxton and Eller (1995, 058207). Syntheses
of geology and tectonics on the Pajarito Plateau have been published by Dransfield and Gardner (1985,
006612) and Gardner and House (1987, 006682) as part of Laboratory investigations of the seismic
hazard potential. Gardner et al. (1993, 012582; 1998, 063496) described drilling results around the
Laboratory and high-precision mapping along the Pajarito fault zone. Collections of papers discussing
geologic, geochemical, geophysical, and environmental aspects of the Jemez Mountains, Pajarito
Plateau, and Rio Grande rift are found in Riecker (1979, 021502); Baldridge et al. (1984, 088745); Keller
(1986, 088740); and McLin (1996, 056025). Geology and cross sections of the Frijoles 7.5-min
quadrangle, on which most of the Laboratory is found, was published by Goff et al. (2002, 088776).

2.1.2 Regional Tectonic Setting

The Pajarito Plateau lies on the west side of the Espafiola Basin, one of several late Tertiary basins of the
Rio Grande rift (Chapin 1979, 021502). Figure 2.1-2 shows generalized geologic relations beneath the
Pajarito Plateau. As a generalized cross section, this does not refer to a specific geologic map. Specific,
related cross sections and the associated maps can be found in Collins et al. (2005, 092028) and the
Hydrogeologic Site Atlas (LANL 2006, 093196). The rift is a major tectonic feature stretching from
Colorado to northern Mexico and first developed about 25 to 30 million years ago (Ma). The Rio Grande
rift is characterized by crustal extension with predominantly normal faults, elevated seismicity along faults
within and along margins of the basins, large negative gravity anomalies indicating thick basin fill, high
conductive heat flow (to 120 megawatts/meter’ [MW/m?]), and localized basaltic volcanism. Within the
Pajarito Plateau region, the rift is bounded on the west by the Colorado Plateau and on the east by the
Sangre de Cristo range, part of the southern Rocky Mountains (Aldrich 1986, 021497) (Figure 2.1-1).
Because of similarities in age and tectonic style, the rift is considered by some to be a part of the
southern Basin and Range tectonic province (Kelley 1978, 011659).

The transverse structural zone separating the Espariola Basin from the southern end of the San Luis
Basin (Figure 2.1-3) (Broxton and Vaniman 2005, 090038) is called the Embudo fault zone. This fault is
but one structural element of a major northeast-trending crustal discontinuity called the Jemez Lineament.
As originally defined, the Jemez Lineament consists of an alignment of Miocene to Quaternary volcanic
centers stretching from western Arizona to southeastern Colorado (Mayo 1958, 021573). No systematic
trends in eruption ages or magma compositions are apparent among the various volcanic centers. By far
the largest collection of volcanic centers is the Jemez volcanic field, which has formed at the intersection
of the Jemez Lineament and the Rio Grande rift.

The transverse structural zone separating the Espanola Basin from the northern Albuquerque-Belen
Basin (sometimes called the Santo Domingo Basin) is the northwest-trending La Bajada fault zone (CCFZ
in Figure 2.1-3). The largest zone of rift-related basaltic volcanism occurs in the Cerros del Rio volcanic
field located primarily north of and along the La Bajada fault zone (Figure 2.1-3). The Cerros del Rio field,
referred to in some reports as "Basalt of Chino Mesa," is considered by some to be a peripheral part of
the greater Jemez volcanic field (Smith et al. 1970, 009752). Volcanic rocks from both the Cerros del Rio
and Jemez volcanic centers interfinger with sedimentary rocks filling the Espafiola Basin beneath the
Pajarito Plateau.
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2.1.3 Regional Volcanism

The evolution of the Jemez and Cerros del Rio volcanic fields (Figure 2.1-1) has been outlined by
Gardner and Goff (1984, 044021); Gardner et al. (1986, 059104); Self et al. (1986, 021579); Goff and
Sayer (1980, 073686); Dunker et al. (1991, 088739); and WoldeGabriel et al. (1996, 054427). Volcanic
rocks of the Jemez Mountains can be subdivided into three major groups named from the oldest to the
youngest: the Keres, Polvadera, and Tewa Groups (Figure 2.1-4) (Broxton and Vaniman 2005, 090038).
Volcanic rocks of the Keres Group consist of mafic basalt through silicic rhyolite in composition, although
the unit is dominated volumetrically by intermediate-composition andesite. Published ages for the Keres
Group range from about 13 to 6 Ma (Gardner et al. 1986, 059104). Rocks of the Polvadera Group also
consist of basalt through rhyolite, but the dominant rock type is dacite and the published ages range from
about 14 to 2 Ma (Gardner et al. 1986, 059104). Rocks of the Tewa Group consist almost exclusively of
rhyolite, and they range in age from 1.75 to 0.06 Ma (Goff and Sayer 1980, 073686; Gardner et al. 1986,
059104). In general, a progression can be seen from mostly mafic to exclusively rhyolitic compositions
with time in the main (or central) Jemez volcanic field.

Rocks of the Cerros del Rio field are not formally included within the three major groups of Jemez
volcanic rocks. Cerros del Rio rocks compositionally consist of basalt and subordinate evolved rocks
(hawaiite, mugearite, benmoreite, and dacite) ranging in age from 4.6 to less than 1.2 Ma (Bachman and
Mehnert 1978, 088741; Dunker et al. 1991, 088739; WoldeGabriel et al. 1996, 054427). The most
comprehensive study to date has focused on White Rock Canyon, where the ages range from 2.8 to

2.3 Ma (WoldeGabriel et al. 1996, 054427). These authors have also dated a single lava flow at the
bottom of the canyon just south of the mouth of Ancho Canyon at 9.3 Ma, a date consistent with ages of
the Santa Fe Group.

Volcanism began in the Pajarito Plateau region about 16.5 to 14 Ma as small-volume eruptions of basalt
that can be observed interbedded with older sedimentary rocks of the Espafiola Basin both southwest
and north of the plateau (Dethier and Manley 1985, 021506; Gardner et al. 1986, 059104; Aldrich and
Dethier 1990, 049681; Goff et al. 1990, 021574). During the period from 10 to 7 Ma, the major volume of
Jemez volcanic rocks was erupted, mostly as andesite domes and flows in the central and southern
Jemez Mountains (estimated volume 1000 km3). Smaller volumes, predominantly dacite (about 500 km3),
were vented during the period 7 to 2.5 Ma (Goff and Sayer 1980, 073686; Gardner et al. 1986, 059104).
The Sierra de los Valles west of Los Alamos consists of these dacitic domes and flows. During these
voluminous andesitic and dacitic phases, large debris aprons of volcaniclastic rocks (Cochiti and Puye
Formations) were shed eastward into the Espafiola Basin. These deposits interfinger with axial sediments
of the basin. Lavas within the entire compositional range of the Cerros del Rio were erupted primarily
from 4 to 2 Ma and formed cinder cones, shield lavas, intercanyon flows, and maar deposits. The latter
interfinger with dacitic rocks, fan deposits, and fluvial sediments in the basin fill beneath the Pajarito
Plateau.

2.1.4  Pajarito Plateau Stratigraphy

Figure 2.1-4 (Broxton and Vaniman 2005, 090038) shows the most recent representation of the
stratigraphy of the Pajarito Plateau. Stratigraphic nomenclature on the Pajarito Plateau has been refined
many times during the last 50 years (Denny 1940, 088738; Baltz et al. 1963, 008402; Spiegal and
Baldwin 1963, 054259; Griggs and Hem 1964, 092516; Bailey et al. 1969, 021498; Galusha and Blick
1971, 021526; Manley 1979, 011714; Purtymun 1995, 045344). Griggs’s nomenclature was based on
mapping and lithologic descriptions of water well cuttings on Laboratory property. Griggs’s nomenclature
has continued to be used in later hydrogeologic investigations conducted by the Laboratory as additional
water wells were drilled (Dransfield and Gardner 1985, 006612). These authors combined well data with
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geophysical investigations and surface mapping to produce a structure contour map of the top of the pre-
Bandelier Tuff surface (ca 1.6 Ma). Dransfield and Gardner (1985, 006612) provide information that the
pre-Bandelier topography beneath the Pajarito Plateau is dominated by dacitic rocks of the Polvadera
Group in the west, fanglomerates of the Puye Formation in the northeast, and mafic shield volcanoes and
flows of the Cerros del Rio volcanic field in the southeast.

The stratigraphy of three deep (more than 600 m) wells on the Pajarito Plateau was compiled by Goff
(1995, 049682), based on lithologic descriptions of Stoker et al. (1992, 012017) and Purtymun et al.
(1993, 015371). Detailed stratigraphy of several recent characterization wells has been documented in a
series of Laboratory reports (i.e., Broxton et al. 2001, 071251; Broxton et al. 2001, 071252; Ball et al.
2002, 071471).

Generalized cross sections of Pajarito Plateau stratigraphy may be found in Turbeville et al. (1989,
021587), Purtymun (1995, 045344), and Collins et al. (2005, 092028). Four detailed cross sections
projected through different sectors of the Pajarito Plateau are shown in Goff (1995, 049682). These
sections use stratigraphic data from many of the observation wells. Goff (1995, 049682) also provides
detailed lithologic descriptions of the primary rock units in the region (Table 2.1-1).

2.1.5 Conceptual Hydrogeologic Model

The current conceptual hydrogeologic model for the Pajarito Plateau is a synthesis of much previous
hydrologic work spanning many years. The growth of the Laboratory, as well as Los Alamos townsite, led
to various investigations that characterized general hydrology of the Pajarito Plateau and water chemistry
of springs discharging within White Rock Canyon (Purtymun and Johansen 1974, 011835; Purtymun et
al. 1980, 006048); the hydrogeology of the Bandelier Tuff and other rock units (Abeele et al. 1981,
006273; Rogers and Gallaher 1995, 055334) and water supply wells (Theis and Conover 1962, 037144;
Griggs and Hem 1964, 092516; Cushman 1965, 008584; Purtymun and Cooper 1969, 011831; Purtymun
1975, 011787; Purtymun 1984, 006513). Concerns over the potential for groundwater contamination by
waste-disposal practices at the Laboratory prompted additional hydrogeologic studies (Baltz et al. 1963,
008402; Purtymun et al. 1966, 009653; Devaurs and Purtymun 1985, 007415; Stoker et al. 1991,
007530). Pathway analysis (Geologic Inc. 1989, 031492) and numerical modeling studies have further
contributed to understanding both shallow and deep, local and regional, unsaturated and saturated
groundwater systems at Los Alamos (Hearne 1985, 088749; McAda and Wasiolek 1988, 088737; Umari
and Szeliga 1989, 088735; Koenig and McLin 1991, 056029; Geddis 1992, 031592; Birdsell et al. 1995,
070012; Frenzel 1995, 056028; Stone 1995, 056043; Gray 1997, 058208; Dander 1998, 088743; Keating
et al. 1999, 088746).

The conceptual hydrogeologic model for the Pajarito Plateau and the Laboratory is continuously being
refined (Stone 1996, 063989; Collins et al. 2005, 092028).The 25 deep (regional aquifer) wells installed
under the “Hydrogeologic Workplan” (LANL 1998, 059599) have contributed much-needed information
(Collins et al. 2005, 092028). The next subsections provide an overview of the conceptual hydrogeologic
model, including groundwater occurrence and movement, and serve as the framework for the conceptual
hydrogeochemical model discussed in section 2.2.
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2.15.1 Overview

The simplest conceptual hydrogeologic model for the Pajarito Plateau is of saturated porous media in
which the surface of the saturated zone(s) roughly mimics topography. For example, the regional water
table slopes eastward from a recharge zone in the Sierra de los Valles west of the Laboratory toward the
Rio Grande groundwater discharge zone. Complicating this simple model, however, are zones of
saturation perched above the regional water table in shallow alluvium and perched intermediate-depth
volcanic rocks (Purtymun 1995, 045344).

2.1.5.2 Groundwater Occurrence

Groundwater occurrence is commonly described in terms of stratigraphy (the saturated hydrogeologic
unit), hydrologic condition (unconfined or confined), and scale (local perched or regional saturation). At
the Laboratory, groundwater has been observed to occur in three modes, depending on the location:

e perched at shallow depth (alluvium in canyon bottoms);

e perched at intermediate depth (the Guaje Pumice Bed, Bandelier Tuff, Cerros del Rio basalt,
Tschicoma Formation, and Puye Formation); and

e mostly unconfined, but occasionally under confined conditions at greater depth within various
units that make up the regional aquifer (Tschicoma Formation, Cerros del Rio basalt,
Puye Formation, and Santa Fe Group).

The zone of saturation is more accessible in canyons than on mesas. Figure 2.1-5 depicts a conceptual
hydrogeologic model for canyon settings, which includes alluvial and perched intermediate groundwater
and the regional aquifer. Groundwater in the perched zones is generally unconfined. Groundwater in the
regional zone of saturation is also generally unconfined, but confined conditions have been documented
in older supply wells in lower Los Alamos Canyon (Purtymun 1995, 045344). Some springs discharging in
and near lower Los Alamos Canyon (e.g., Spring 1) are also probably artesian.

Perching of groundwater in the shallow and intermediate-depth zones occurs in different ways. The
occurrence of perched water in the alluvium is restricted to canyon floors, and saturation does not appear
to extend beneath the adjacent mesas. In alluvial environments, infiltration and percolation of stream flow
readily recharge the zone of perched saturation. Ephemeral streams, such as those occurring in canyons
at the Laboratory, lose much water along their courses (transmission loss). The weathered Bandelier Tuff
underlying the alluvium is less permeable and provides a perching layer or aquitard.

The occurrence of intermediate-depth perched groundwater in the Cerros del Rio basalt and other
hydrostratigraphic units requires the downward percolation of groundwater through the alluvium and the
Bandelier Tuff, a fact that suggests that the Bandelier Tuff is capable of transmitting groundwater. In
places where the Bandelier Tuff is absent, having been scoured out by stream flow, no low-permeability
barrier exists between the alluvium and underlying units. This is the case in Los Alamos Canyon east of
the confluence with DP Canyon, where the Bandelier Tuff is missing and where alluvium rests directly on
the permeable deposits of the Puye Formation (LANL 2004, 087390). Perching of intermediate-depth
groundwater is caused by the local presence of less permeable material, including massive basalt and
basaltic tephra, as observed at well R-9 (Broxton et al. 2001, 071250); clay-rich lake beds encountered at
R-12 (Broxton et al. 2001, 071252); or clay-rich rock observed at R-15 (Longmire et al. 2001, 070103).
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Although groundwater occurrence and productivity in supply wells vary with the hydrogeologic unit
making up the regional aquifer, the depth to the water table is primarily the result of topography. The
regional water table occurs within the Puye Formation and Santa Fe Group beneath the Pajarito Plateau.
The slope of the regional water table decreases to the east (Figure 2.1-6) and is influenced by pumping
wells. Groundwater in the regional aquifer discharges as springs in White Rock Canyon. The hydraulic
gradient within the regional aquifer east of the Sierra de los Valles is downward, and overlying alluvial and
perched intermediate groundwater systems provide recharge to the regional aquifer (Broxton et al. 2002,
076006). Groundwater flow rates within the regional aquifer vary, depending on the grain size of the
aquifer material, hydraulic conductivity, and hydraulic gradient. Flow within the regional aquifer occurs
under porous (wells R-25, R-19, R-15, R-13, R-14) and fracture (R-26, R-9, R-12) conditions (Collins et
al. 2005, 092028).

2.1.5.3 Groundwater Movement

Several studies have dealt with groundwater movement beneath and around the Pajarito Plateau. In
particular, Collins et al. (2005, 092028) gives a detailed summary of groundwater recharge, flow and
discharge, anisotropic effects, conceptual models, and perched water occurrence. The following is a brief
summary of some relevant ground water flow characteristics.

2.153.1 Recharge

Groundwater flows from areas of higher-pressure potentials (west) to areas of lower potentials (east)
(Figure 2.1-6), indicating that recharge occurs in the higher elevations (Sierra de los Valles) west of the
Laboratory, probably in response to the higher amounts of precipitation at these elevations. Recharge
processes include the infiltration of rainfall, snowmelt, or runoff and then deep percolation of any moisture
that escapes evapotranspiration. Recharge is especially effective along stream channels, where larger
volumes of water occur at any given place and time. Recharge of the shallow, intermediate, and deep
groundwater systems probably occurs at different rates (Kwicklis et al. 2005, 090069).

2.1.5.3.2 Flow

From limited hydrologic data and information, groundwater flow direction seems to be the same for the
shallow, intermediate, and deep systems. In canyons where numerous wells have been drilled (such as in
Mortandad Canyon), the water table for the shallow groundwater perched in the alluvium slopes toward
the east as does the canyon floor (Stone 1995, 056043). The intermediate-depth perched groundwater
zones are still too poorly bounded to characterize flow direction with any certainty. As shown by

Figure 2.1-6, groundwater flow in the regional aquifer generally is to the east and southeast toward the
Rio Grande.

The rate of groundwater flow depends on the hydraulic properties of the various saturated materials
beneath the Pajarito Plateau. The actual flow rate or groundwater velocity (v) at a given point of interest
depends on the saturated hydraulic conductivity (K) for the material, effective porosity (n.), and the slope
of the water table or hydraulic gradient (i), according to Darcy’s law (Freeze and Cherry 1979, 088742):

v = Ki/ne. (1)

Hydraulic conductivity values, however, are a proxy for at least the potential rate of groundwater flow.
Sparse data for K are available from hydrologic testing of observation, water supply, test, and regional
characterization wells in the area. The mean K value for the alluvium in Los Alamos Canyon, based on
slug tests in nine observation wells, is 9.6 x 10 cm/s with an error of +10% (Gallaher 1995, 049679).
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Laboratory testing of cores from two wells in Mortandad Canyon yielded saturated K values of 5 x 10” to
1 x 10 cm/s for the Tshirege Member (unit 1A) of the Bandelier Tuff and 7 x 10™ to 1 x 10” cm/s for the
Tsankawi Pumice Bed (Stoker et al. 1991, 007530). Aquifer performance data for deeper units are
available from pumping tests conducted on water supply and test wells in a detailed report by McLin
(2006, 092218). Some of the wells are screened across more than one stratum, and K values for specific
geologic units at these locations are not always available. Hydraulic conductivity values obtained from
pumping tests conducted on water supply and test wells screened in a single unit vary by one to two
orders of magnitude: 4 to 241 gal./day/ft* for the Puye Formation and 3 to 50 gal./day/ft* for the Santa Fe
Group (Purtymun 1995, 045344; McLin 2006, 092218). These are typical ranges of variation for K values
in individual aquifers. Other testing in characterization wells installed under the “Hydrogeologic Workplan”
(LANL 1998, 059599) has provided K values of 2.79 x 10 to 1.31 x 102 cm/s for intervals of the Cerros
del Rio basalt at well R-9i (Broxton et al. 2001, 071251); 7.27 x 10™* cm/s for the Puye Formation at well
R-15 (Longmire et al. 2001, 070103); 6.17 x 10”° and 6.91 x 10 cm/s for the Santa Fe Group at well R-19
(Broxton et al. 2001, 071254); 2.32 x 10> and 1.28 x 10 cm/s for the Cerros del Rio basalt at well R-31
(Vaniman et al. 2002, 072615); and 8.21 x 10 cm/s for the Puye Formation at well R-31 (Vaniman et al.
2002, 072615).

Radiocarbon dating of groundwater is another method of calculating flow rates, although it is difficult to
collect groundwater samples not impacted by atmospheric carbon dioxide. Such dating of regional aquifer
groundwater at the Laboratory suggests preliminary flow rates ranging from a minimum of 1.93 x 10®
cm/s for the Tesuque Formation in lower Los Alamos Canyon to a maximum of 3.33 x 10™* cm/s for the
Puye Formation, in the area between Water Canyon and upper Ancho Canyon (Purtymun 1984, 006513).

2.1.5.3.3 Discharge

Alluvial, intermediate, and regional aquifer groundwaters discharge in different ways, depending on
hydrogeologic conditions. Alluvial groundwater is either forced to the surface by bedrock highs where it
supports stream flow for some distance downcanyon, or it seeps into the underlying hydrogeologic unit.
Intermediate-depth perched groundwater either discharges eventually at downgradient springs along
canyon walls or continues to percolate downward toward the regional water table. Regional groundwater
discharges at springs within White Rock Canyon and may contribute to base flow within the Rio Grande
or, possibly, continue beneath the river (Figure 2-11 in LANL 1998, 059599).

2.2 Conceptual Hydrogeochemical Model

This section presents a conceptual hydrogeochemical model for the Pajarito Plateau, which focuses on
natural distributions of inorganic and organic solutes as dissolved species. This model is based on
geochemical data collected to date and includes both water chemistry and mineralogy of aquifer
materials. The contribution of biological and microbial effects to speciation and reactive transport is
implicit in the chemical data and is discussed below.

The chemical composition of groundwater is controlled by many factors including precipitation chemistry
and quantity, evapotranspirative effects, redox conditions, aquifer mineralogy, and residence time (Guler
et al. 2002, 094417). Reactive constituents, such as CaCOj; (calcite), Fe(OH);, clay minerals, and SiO,
glass, and ion exchange-adsorption reactions are particularly important in controlling groundwater
composition for major solutes and some trace elements. Interactions of groundwater with reactive
minerals in different rock types, over space and time, lead to the development of different hydrochemical
facies. These facies are expressed at discharge locations (springs or wells) and can then be correlated
with locations along flow paths and with the history (aquifer rock type, residence time) of the facies (Giler
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et al. 2002, 094417). Analytical results for different locations are compared statistically in section 4.0 to
distinguish the different facies for the Pajarito Plateau region based upon the chemical data.

221 Previous Work

The current conceptual hydrogeochemical model for the Pajarito Plateau is a synthesis of previous
geochemical investigations conducted over the past several years and is summarized in Collins et al.
(2005, 092028). Characterization of site geochemistry has taken place over the past decade with
investigations conducted on mesa tops and within canyon bottoms surrounding the Laboratory (Adams et
al. 1995, 059066; Blake et al. 1995, 049931; Broxton and Eller 1995, 058207; Longmire et al. 1996,
054168; Longmire and Goff 2002, 075905; Gallaher and Koch 2004, 088747). Concerns about the
potential for groundwater contamination by waste-disposal practices at the Laboratory have prompted
annual monitoring (annual Laboratory Environmental Surveillance Program [ESP] reports) since the
1950s and additional hydrogeochemical studies (2002, 072614; 2002, 072713; 2002, 072800; 2002,
073282; 2002, 073676; 2005, 088510). Geochemical modeling studies have further contributed to an
understanding of geochemical processes occurring in shallow and deep, local and regional, unsaturated
and saturated groundwater systems (Keating et al. 1999, 088746; Broxton et al. 2002, 076006).

2.2.2  Elements of the Conceptual Hydrogeochemical Model

This subsection summarizes different elements contributing to the conceptual hydrogeochemical model.
The seven elements that follow represent conceptual hydrogeochemical processes. Geochemical
processes occurring over time and space are implicit in this conceptual model. The elements include
initial natural chemical compositions of groundwater, residence times, oxidation-reduction and microbially
mediated conditions, reactive aquifer minerals, adsorption and precipitation reactions, radioactive decay,
and colloid transport. Reactive minerals and adsorption-desorption processes are considered to be most
important for controlling groundwater composition and solute mobility.

Geochemistry Element 1: Initial composition of water infiltrating into each aquifer unit. For example,
water enters the alluvial groundwater via recharge from precipitation or outfalls from anthropogenic
activities. This water interacts with the alluvium (alluvial facies) and then infiltrates the perched
intermediate zone, where it again interacts with the volcanic rock in that zone to produce a new facies
composition characteristic of that zone. Some alluvial recharge occurs from water sourced in the Sierra
de los Valles and the mountain-front areas near the Pajarito fault zone. Springs discharging from these
rocks contribute to perennial surface water that recharges the alluvium.

Geochemistry Element 2: Residence times of groundwater and chemical solutes (mass of water or
solute/flux of water or solute) increase with depth and from west to east across the Pajarito Plateau based
on delta deuterium (D) and delta oxygen-18 (5'°0) ratios, and tritium (*H) decay (Collins et al. 2005,
092028). The initial cosmogenic baseline for tritium is approximately 17 pCi/L (Clark and Fritz 1997,
059168). However, near Los Alamos, tritium in precipitation has been measured to vary from 20 pCi/L to
451 pCi/L (Adams et al. 1995, 059066). Current precipitation values tend to vary between 10 and 70
pCi/L. These levels decay to less than 1 pCi/L as water moves from the surface to the regional water
table over several decades, with the exception of tritium release sites in Pueblo Canyon, Los Alamos
Canyon, Sandia Canyon, Mortandad Canyon, Pajarito Canyon, and Carfion de Valle (LANL 2001, 071301;
Longmire 2002, 073282; Longmire 2002, 072800; Longmire 2002, 073676; Longmire 2002, 072614,
Collins et al. 2005, 092028; Longmire 2005, 088510). Accordingly, changes in concentrations of major
ions and trace elements are observed along the flow paths from the alluvial to perched intermediate
systems to the regional aquifer and within the regional aquifer as a result of reactions along flow paths.
Calcium, sodium, and bicarbonate are major ion solutes that tend to vary with groundwater zone and
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along flow paths from west to east. For example, sodium tends to increase relative to calcium in spring
discharges versus alluvial wells. One regional aquifer facies discussed in section 4.0 has characteristic
higher TDS, indicative of older water and longer residence time.

In contrast, younger ages are indicated in a facies of groundwater within perched zones in the Sierra de
los Valles and in a component of the regional aquifer. In these areas, groundwater is less than 60 yr old.
This observation is based on measurable natural tritium considerably above 1 pCi/L (Broxton et al. 2001,
071252; Longmire et al. 2001, 070103; Broxton et al. 2002, 076006). Perched intermediate waters from
this area thus tend to be lower in TDS.

Groundwater within a discharge zone, at the end of groundwater flow paths, generally has the highest
mineral or solute content and also represents the oldest water, provided that mixing with younger
groundwater has not taken place. The main groundwater discharge zone for the Sierra de los Valles
occurs as springs and gaining reaches along the Rio Grande. Older groundwater within the regional
aquifer tends to have higher concentrations of trace elements due to a combination of mineral dissolution
and desorption processes (Collins et al. 2005, 092028). Many trace elements, including arsenic(lll, V) and
uranium(VI), form complexes and tend to desorb from mineral surfaces under basic pH conditions
(Langmuir 1997, 056037). Water quality/geochemical data collected by NMED and by LANL indicate that
dissolved concentrations of major cations and anions, arsenic, uranium, and other trace elements are
higher in groundwater east of the Rio Grande. Collins et al. (2005, 092028) report values of natural
uranium in groundwater up to 0.2 mg/L along the Rio Grande and eastward toward the Sangre de Cristo
Mountains. In contrast, uranium concentrations in the regional aquifer beneath the Pajarito Plateau rarely
exceed 1 pg/L.

Geochemistry Element 3: Oxidation-reduction reactions and other microbially mediated reactions
are important in determining the speciation and subsequent reactivity, sorptivity, and solution
concentration of solutes. Solutes such as uranium(VI), sulfate, nitrate, and chromate are mobile under
oxidizing conditions but can precipitate or adsorb under reducing conditions. In addition, nutrients such as
nitrate and other potentially metabolically active constituents such as perchlorate can cycle as part of
microbial metabolism. Analytical data for the three aquifer types indicate that all are typically under
oxidizing conditions. Special conditions, such as the presence of drilling fluids and bacteria in well bores,
may alter these conditions locally.

Geochemistry Element 4: Reactive constituents, consisting of CaCOj3, Ca-smectite, Na-feldspar,
amorphous SiO,, and Fe(OH),, frequently control groundwater composition for the major solutes and
selected trace elements, including iron and aluminum. Some of these constituents are undersaturated in
particular locations (such as calcite in the alluvium), or will precipitate as minerals (such as calcite in the
Santa Fe Group portion of the regional aquifer where higher concentrations of bicarbonate are found)
(Collins et al. 2005, 092028). Adsorption processes generally dominate over mineral precipitation for
removing metals and radionuclides from alluvial groundwater. However, in isolated cases where effluent
discharges have changed major ion chemistry and pH, trace solutes such as strontium and barium may
precipitate as SrCO3; and BaSQ, or coprecipitate as (Sr-Ba)SOy, in alluvial sediments. Precipitation is also
important in older waters with elevated levels of carbonate or sulfate and metals such as iron.
Encrustation of well screens may result from these waters.

Geochemistry Element 5; Adsorption capacities of sediments and aquifer material affect concentrations
of dissolved constituents over time and along flow paths. Adsorption is dependent upon solute speciation,
aquifer mineralogy, and grain size. In general, adsorption of radionuclides and organic and inorganic
species in the Bandelier Tuff decreases as follows: cesium-137 (highest sorption) = americium-241 >
plutonium-238 = plutonium-239/240 > strontium-90 > uranium > nitrate = sulfate > chloride = perchlorate
= trinitrotoluene (TNT) = research department explosive (RDX) > tritium (lowest sorption). Adsorption
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affinities are measured by experimental (Longmire et al. 1996, 056030) and field data collection and
analysis (LANL 2000, 068661; LANL 2001, 071301). Non- and weakly adsorbing constituents (tritium,
perchlorate, nitrate, chloride, fluoride, and uranium) can migrate from alluvial groundwater to perched
intermediate zones and to the regional water table. These constituents can be used as nonreactive
tracers in some cases.

Alluvial groundwater in some locations acts as a reservoir for effluent-discharged constituents due to
sorption and subsequent desorption. These constituents include strontium-90, cesium-137, plutonium-
238, plutonium-239/240, and americium-24. These constituents adsorb onto clay and silt-sized particles
coated with clay minerals, manganese hydroxides, and ferric (oxy)hydroxides, forming a sorbent sink.

Geochemistry Element 6: Activities of naturally occurring, sorbing radionuclides in groundwater are
controlled by desorption and dissolution reactions, while they are concurrently reduced by decay
processes. Nonsorbing tritium, which can be sourced from natural precipitation or Laboratory-related
releases, also decays during its residence time. Suspended nuclides (in solution or colloidal transport)
such as uranium-238 and strontium-90 are reduced by decay processes downgradient along the
groundwater flow path.

Geochemistry Element 7: Colloid Transport. Some constituents in groundwater occur as both dissolved
solutes and as colloids. For example, transport of plutonium in groundwater is sometimes connected with
colloid transport rather than involving a dissolved species. Colloids may include natural material (silica,
clay minerals, organic matter, manganese hydroxides, and ferric (oxy)hydroxides) and possibly solid
phases associated with treated Laboratory discharges. Most colloids greater than 0.45 microns in size are
removed during filtration in the sampling process, but smaller colloids may pass through filters and
contribute to dissolved solution concentrations after acidification, particularly with respect to metal
constituents.

2.2.2.1 Natural Distribution of Solutes, Initial Conditions, Oxidation Conditions, and Residence
Times (Elements 1, 2, and 3)

This section describes physical and chemical characteristics of recharge and subsurface zones and
related groundwater chemistry characteristics.

Figures 2.2-1a through d show the average concentrations of several analytes at the stations sampled
from 2000 to 2006. Figures 2.2-2a and b show comparisons of average concentrations of major
constituents and metals among the regional, intermediate, and alluvial groundwater samples. A recharge
zone occurs within the Sierra de Los Valles, and a discharge zone occurs in White Rock Canyon.
Groundwater in the recharge zone is characterized by a calcium-sodium-bicarbonate ionic composition
with a mean specific conductance of 138 uS/cm. Concentrations of barium, calcium, sodium, uranium,
and strontium increase in groundwater from the Sierra de los Valles eastward toward the Rio Grande
(Figures 2.2-1b and d). Figures 2.2-1a and ¢ show concurrent increases in silica, bicarbonate, boron, and
fluoride. Specific conductance and TDS also increase as noted in sections 4.2.2 and 4.3. Data from 1997
through 2000 (Appendix F) also show similar trends, and Figure D-1.4 (in Appendix D) shows the
relationship between TDS and bicarbonate for pre-1997 baseline groundwater samples. These data
indicate a clearly increasing trend from alluvium through the perched intermediate to the regional aquifer
for several major ions, TDS and bicarbonate, and some metals. It should be noted that some metals and
solutes show variable or decreasing trends between the perched intermediate and regional aquifer facies,
including potassium, magnesium, chloride, and sulfate.
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Background concentrations of dissolved uranium are typically less than 1 part per billion (ppb) in
groundwater within volcanic rocks, sediments, and alluvium west of the Rio Grande. Variations in trace-
element concentration depend on solute residence time and the extent of water-rock interactions. Older
groundwater within the regional aquifer tends to have higher concentrations of trace elements as a result
of desorption processes.

Some variation in silica can be found along projected flow paths, although generally, silica is high
throughout the region, precluding a consistent trend. This ubiquity contributes to a flattening of the
bicarbonate-TDS relationship, indicating the importance of bicarbonate. Silica tends to be lower in Santa
Fe Group sediments than in the volcanic source rocks.

Revisions 0 and 1 of this report indicated that the Cerro Grande fire temporarily increased some
constituents in the alluvium (e.g., well LAO-B), such as calcium, sodium, magnesium, and bicarbonate
(Appendix F). This change was temporary and is not apparent in the current data for the perched
intermediate locations.

Mean concentrations of dissolved iron and manganese are less than 0.12 and 0.007 mg/L, respectively,
in the perched intermediate locations, a fact that suggests overall oxidizing conditions within the recharge
zone. Revision 1 of this report (see Appendix F) noted that groundwater discharging from springs in this
region is generally oxidizing because concentrations of chemical reductants, including hydrogen sulfide,
methane, and ammonium, are less than detection. Not all of these constituents were analyzed for the
current data set.

Revision 1 of this report included a more comprehensive set of tritium analyses for the alluvium.
Concentrations of tritium are expected to vary in recharge water because of local and seasonal variations.
Recharge water derived from precipitation near the Sierra de los Valles was noted to contain tritium (from
5to 71 pCi/L in Pine Spring, for example). Current values for results from well LAOI-1.1(a) are up to

7.5 pCi/L, similar to previous values. Values in the regional discharge zone springs also are still similar,
with values of less than 3 pCi/L noted (section 4.3). Concentrations of tritium at Spring 9B, discharging
from the Cerros del Rio basalt in White Rock Canyon, are now less than 0.32 pCi/L. (Revision 1 showed
0.40 pCi/L in Appendix F.) These figures suggest that the age of this groundwater is greater than 60 yr.
Values of tritium thus are still quite low, indicating that tritium contamination or dilution with younger water
is not occurring for the locations in this report.

Groundwater under the Pajarito Plateau within perched intermediate zones and the regional aquifer is
oxidizing. This fact is also generally true for alluvial groundwater, although dissolved organic carbon
(DOC) may enhance localized reducing conditions within wetlands occupying some canyon reaches.
Revision 1 of this report indicated that naturally occurring concentrations of dissolved oxygen (DO) were
about 1 to 9 mg/L. Sulfate and nitrate are also indicative of oxidizing conditions (Collins et al. 2005,
092028). Current data show sulfate up to 30 mg/L in two perched intermediate locations, but much lower
in most regional locations—except Sacred Spring (7 mg/L). Nitrate is typically less than 0.5 mg/L in most
locations, with the exception of Cafion de Valle-5.0 Spring at 1 mg/L. Low inputs of nitrate in upgradient
or recharge locations due to a lack of anthropogenic inputs or metabolic cycling of nitrogen are possible
reasons for the lower values (Canter 1997, 093257).

Oxidation-reduction (redox) reactions and the microbial mediation of those reactions are very important in
groundwater systems for controlling distributions of major constituents and trace elements. The main
thrust of this report is to present geochemical trends in background locations. These trends should reflect
biological and microbial influences in the subsurface, shown in the distribution and concentration of redox-
sensitive solutes such as iron and manganese, mineralogy of aquifer material, presence or absence of
DO, knowledge of microbial populations, and presence of electron donors (reducing agents, reductants),

EP2007-0250 15 May 2007



Groundwater Background Investigation Report, Rev. 3

and electron acceptors (oxidizing agents, oxidants). Some couples are electrochemically reversible,
including the iron(lll)/iron(Il) and hydrous ferric oxide/iron(ll) pairs. However, most pairs are not reversible
under normal groundwater conditions in the absence of microbes. These pairs include: dissolved
oxygen/water, nitrogen(V)/nitrogen(0), nitrogen(V)/nitrogen(lll), uranium(VI)/uranium(IV),
sulfur(V1)/sulfur(-I), and carbon(IV)/carbon(0, -1V) (Collins et al. 2005, 092028).

Concentrations of trace elements within the three aquifer types are controlled by speciation (the form and
structure of solute), oxidation state, and their affinity to adsorb onto aquifer material. Figure 2.2-3 shows
calculated speciation of dissolved uranium(VI) at Spring 9B, in which uranyl dicarbonate dominates
between pH values 6.6 and 8.4. Barium and strontium are predicted to occur as Ba®* and Sr** and
undergo cation exchange reactions. Boron is stable as the hydrolysis species B(OH)3°, and this neutrally
charged solute does not adsorb onto aquifer material, making it an excellent tracer or nonreactive
species. Fluoride and bromide are stable as F" and Br, respectively, and these two anions are also
excellent tracers. Other trace elements, including copper (Il), form complexes with carbonate and sulfate,
making them less adsorptive than the noncomplexed forms.

Trace-element concentrations and major ion ratios in the regional aquifer beneath the Pajarito Plateau
are dramatically different from waters sampled in the western Valles Caldera region (Shevenell et al.
1987, 006673; Blake et al. 1995, 049931). Therefore, it can be concluded that the western half of the
Valles Caldera is not a plausible recharge area for the regional aquifer beneath the Pajarito Plateau.
Water samples collected in the western portion of the Sierra de los Valles, although sparse, are
geochemically similar to Pajarito Plateau perched groundwater and the regional aquifer (Collins et al.
2005, 092028); thus, this region cannot be excluded from the potential recharge area based on
geochemical evidence alone.

The temperature of the recharge water is generally less than 15°C, but with increasing depth,
groundwaters in the perched intermediate zones within the Cerros del Rio basalt and Puye Formation and
regional aquifer are generally greater than 15°C, reflecting the geothermal gradient associated with heat
flow beneath the Jemez Mountains (see Appendix F).

Isotopic data (3'®0 and 8D ratios) from cold springs discharging from the regional aquifer (Vuataz and
Goff 1986, 073687; Blake et al. 1995, 049931; Longmire 2002, 072614; Longmire 2002, 072713;
Longmire 2005, 088510) may be used to distinguish between recharge in the Valles Caldera, Sierra de
los Valles, and possibly the Sangre de Cristo Mountains (for well samples near the Rio Grande).
Paleotemperatures of colder climate indicative of the Pleistocene produce lighter 8D and §'%0 values
(Clark and Fritz 1997, 059168); isotopic temperature effects need to be considered in evaluating samples
collected from deep wells in lower Los Alamos Canyon and on San lidefonso Pueblo land. Available
isotopic data do not support a hydrologic connection between the regional aquifer beneath the Pajarito
Plateau and the Valles Caldera. (See Appendix F.)

The most likely source of recharge for the western part of the Pajarito Plateau occurs within the

Sierra de los Valles. Major ion compositions of Cafion de Valle-5.0 Spring, surface water in both upper
Canon de Valle and Water Canyon, and the perched intermediate zone observed at wells R-25 and R-26
are very similar (calcium-sodium-bicarbonate ionic composition), suggesting common host rocks and a
common recharge zone.

Residence times of groundwater and chemical solutes increase both with depth and from west to east
across the Pajarito Plateau (Collins et al. 2005, 092028, Figure 3-1). Tritium derived from atmospheric
deposition is one indicator of residence time. Waters near the Sierra de los Valles exhibit ages younger
than 61 years based on °H activity, and waters in the regional aquifer normally show no tritium activity
and thus much older ages. A recent component of groundwater, based on tritium observed within the
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perched zones and/or at the regional water table is observed at wells R-4, R-5, R-6, R-6i, R-8, R-9, R-9i,
R-11, R-12, R-15, R-22, R-23, R-25, R-28, and MCOBT-4.4 (Collins et al. 2005, 092028). Tritium has
been measured at these wells at concentrations above the initial cosmogenic baseline. Accordingly,
increasing concentrations of major ions and trace elements are observed along the flow paths, but
concentrations of tritium tend to decrease with depth (Appendix B). Residence times of the recharge
groundwater may be short, based on the open fracture flow within the Bandelier Tuff, Tschicoma
Formation, and Cerros del Rio basalt and within porous media flow in the coarse-grained alluvium in
upper Los Alamos Canyon and other canyons. Increasing residence times occur within perched
intermediate zones and in the regional aquifer.

2.2.2.2 Reactive Minerals and Mineral Precipitation (Element 4)

Geochemically reactive minerals and amorphous solids react with groundwater along flow paths to
varying degrees. These solids approach equilibrium with groundwater when the residence time exceeds
the reaction half time. These reactive constituents, consisting of calcite (CaCO3), Na-feldspar,
Ca-smectite, amorphous SiO,, and Fe(OH);, may control groundwater composition for the major ions and
selected trace elements, including iron and aluminum. Reactive minerals have varying adsorption
capacities for trace elements, including arsenic, chromium, nickel, lead, selenium, and uranium. Each of
the major reactive constituents along flow paths beneath the Pajarito Plateau is discussed below.

Calcite: Concentrations of dissolved calcium and bicarbonate increase in depth within perched
intermediate zones and the regional aquifer, reflecting the increase in residence times within the deeper
saturated zones. Figure 2.2-4 shows saturation indices for calcite versus calcium and bicarbonate
concentrations (millimoles/liter) at selected Laboratory springs and wells (LANL 2000, 068661; LANL
2001, 071301; Longmire 2002, 072713; Longmire 2002, 072800; Longmire 2002, 073282).The saturation
index (Sl) is defined as the log+, (activity product/solubility product). The computer program MINTEQA2
(Allison et al. 1991, 049930) was used to perform Sl calculations. For a given solid phase at equilibrium,
saturation is equal to 0 £ 0.05. Oversaturation (positive Sl) implies precipitation, but undersaturation
(negative SI) implies dissolution. Alluvial and perched intermediate groundwaters are calculated to be
undersaturated with respect to calcite, and dissolution of this mineral takes place. This calculation is
consistent with the absence of calcite within the saturated alluvium upgradient of the Laboratory. Calcite
is an important reactive mineral controlling dissolved concentrations of calcium and bicarbonate in the
regional aquifer. The regional aquifer (Santa Fe Group sediments and basalt) is calculated to be in close
equilibrium with respect to calcite. For example, groundwater samples collected at wells R-9, R-12, and
Otowi-4 and La Mesita Spring generally have been saturated with respect to calcite, whereas the perched
intermediate well LAOI-1.1(a) has not been. Activities of dissolved calcium and bicarbonate at well
LAOI-1.1(a) have not been sufficient to allow for calcite precipitation.

Smectite: Extensive zones of smectite were encountered in the Puye Formation in core and cutting
samples collected from wells R-9 and R-12 (Broxton et al. 2001, 071250; Broxton et al. 2001, 071252).
Smectite has also been observed in rock samples collected from the Santa Fe Group sediments in lower
Los Alamos Canyon. Figure 2.2-5 shows log activity H,SiO, (silicic acid) versus log activity Ca?*/[H']? at
25°C for wells R-9, Otowi-4, R-12 (screen #3), and LAOI-1.1(a) and La Mesita Spring. Groundwater
samples collected from these stations predominantly plot within the stability field of calcium smectite,
suggesting that most groundwater is oversaturated with respect to this mineral. One sample collected
from La Mesita Spring, however, plots within the stability field for kaolinite because of the more acidic pH
measured during the sampling round. Smectite increases the adsorption capacity of the aquifer material
for cations (metals and radionuclides) under circumneutral pH conditions.
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Silica: Silica glass derived from volcanic rocks is an important component of the Bandelier Tuff, pumice-
rich zones of the Puye Formation, and Cerros del Rio basalt. Groundwater (alluvial, perched intermediate,
and regional aquifer) reacting with silica glass produces dissolved silica in the form of silicic acid
[Si(OH)4]. Concentrations of dissolved silica vary as a function of the solubility of silica glass containing
sodium, potassium, and calcium (Lindsay 1979, 071512). Groundwaters collected from selected wells
and springs are oversaturated with respect to silica-rich soil and undersaturated with respect to SiO,
glass (Figure 2.2-5). These groundwaters are also oversaturated with respect to quartz, cristobalite, and
tridymite based on thermochemical data provided by Lindsay (1979, 071512). These SiO, phases are
present within the Guaje Pumice Bed, as identified in core collected from borehole LAOI-1.1(a). La Mesita
Spring is undersaturated with respect to silica-rich soil and silica glass because of lower concentrations of
silica relative to those measured in groundwater samples collected at wells R-9, Otowi-4, R-12, and
LAOI-1.1(a).

Na-Feldspar: Sodium-rich feldspar (albite) is present in the Santa Fe Group sediments, and over
thousands of years, this phase has reacted with groundwater, releasing sodium and silica to solution
under basic pH conditions. The mineral chemically alters to form clay minerals, including kaolinite and
sodium-rich smectite (Langmuir 1997, 056037), although volcanic-derived silica glass is more reactive.

Fe(OH)s: Hydrous ferric oxide (HFO) is ubiquitously found in hydrogeologic environments and is an
important adsorbent for many trace elements, including arsenic, chromium, lead, and uranium. This
phase has a specific surface area of 600 m®/g (Langmuir 1997, 056037), which contributes to its high
adsorptive capacity. HFO has been observed as a component of fracture-fill material at borehole R-9
within the Cerros del Rio basalt (Broxton et al. 2001, 071250). Chemical and mineralogical data collected
from the borehole indicate that uranium is associated with HFO and smectite within the fracture-filling
material. Oxidation-reduction reactions are also controlled by HFO and dissolved ferrous iron (Langmuir
1997, 056037) under acidic to neutral pH conditions. In addition to HFO, hydrous manganese oxide is an
important adsorbent within volcanic and sedimentary rocks. Elemental analysis of core samples and
nonfiltered water samples containing suspended particles has shown that this phase is found at lower
concentrations than HFO.

2.2.2.3 Contaminant Distributions, Activities, and Transport (Elements 5 through 7)

Background distributions of chemicals in groundwater have direct relevance to defining the nature and
extent of contamination. Geochemical processes controlling distributions of background solutes also
occur in contaminated groundwater.

The largest mass distribution of adsorbing contaminants in Los Alamos Canyon and Mortandad Canyon
occurs within the alluvium (Laboratory Environmental Surveillance Program [ESP] reports). Alluvial
groundwater in both Los Alamos Canyon and Mortandad Canyon contains elevated concentrations of
strontium-90, plutonium-238, plutonium-239/240, and americium-241 (LANL 2004, 087390)and

LANL 2006, 094161). Most of these radionuclides, except uranium, tend to adsorb significantly onto
aquifer material. Concentrations of adsorbing radionuclides and cationic metals generally decrease
downgradient along the groundwater flow path. Concentrations of one or more of the nonadsorbing or
weakly adsorbing constituents (e.g., tritium, perchlorate, chloride, nitrate, and uranium) have been
measured at many wells, such as MCOBT-4 .4, R-4, R-5, R-6, R-6i, R-8, R-9, R-9i, R-11, R-12, R-15,
R-25, and R-28 (LANL 2005, 091121).

The presence of colloids may enhance the movement of contaminants, especially those that are
adsorbed onto fine-grained particles in the shallow subsurface. Colloid transport in alluvial groundwater
was proposed as a transport mechanism in Mortandad Canyon (Penrose et al. 1990, 011770); however,
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alternate reasons for this transport were proposed by Marty et al. (1997, 094765). Sources of colloids
typically include natural materials (clay minerals, silica glass, manganese hydroxides, ferric
(oxy)hydroxides, and solid organic matter) and possibly solid phases (silica glass and calcium carbonate).
These colloids may partly influence the distribution of suspended radionuclides within alluvial
groundwater in groundwater because constituents adsorbed onto colloids are transported more rapidly,
with less retardation, than they would be transported as dissolved solutes.

2.2.2.4 Cerro Grande Fire

The Cerro Grande fire of May 2000 perturbed surface water and alluvial groundwater chemistry
(Longmire et al. 2001, 070103; Gallaher and Koch 2004, 088747)(LANL 2001, 069055). Ash produced
from the fire has been transported within canyon systems reacting with rain and surface water. Increasing
concentrations of total organic carbon (TOC) and DOC, carbonate alkalinity, calcium, potassium, iron,
manganese, and other solutes occurred in surface water and alluvial groundwater for a few years

(2000 to 2003) after the Cerro Grande fire (Gallaher and Koch 2004, 088747). In most canyons,
carbonate alkalinity in surface water increased by factors of three to six after the fire. Surface water and
alluvial groundwater showed increases in turbidity from ash and enhanced erosion.

Storm events remobilized contaminated sediments, and desorption of contaminants took place, resulting
in a redistribution of contaminants for several years (Gallaher and Koch 2004, 088747). Cation exchange
reactions involving strontium-90 and calcium and complexation reactions of uranium and bicarbonate are
examples of hypothesized geochemical processes occurring in surface water and alluvial groundwater
since the fire. On the whole, metal, radionuclide, and anion concentrations have decreased and are
approaching pre-Cerro Grande fire concentrations in alluvial groundwater (Gallaher and Koch 2004,
088747).

Oxidation and reduction reactions occurring between organic-rich ash and metals and radionuclides
influence aqueous speciation of solutes and adsorption processes. It is hypothesized that DOC produced
from the fire serves as an electron donor (reducing agent) during complete oxidation to bicarbonate and
carbonic acid. Concurrently, iron(lll) and manganese(lV) solids become electron acceptors (oxidizing
agents) and are reduced to more soluble aqueous species. Geochemical data collected in Pueblo
Canyon, Los Alamos Canyon, and Pajarito Canyon support the occurrence of these oxidation-reduction
reactions with respect to DOC and dissolved iron and manganese (Gallaher and Koch 2004, 088747).

2.2.25 Summary of Conceptual Hydrogeochemical Model

The preceding conceptual hydrogeochemical model applies to both background and Laboratory-induced
conditions. This model addresses initial composition, residence times, recharge and discharge zones,
geochemical reactions, reaction half times, and temporal and spatial relationships.

Stable isotope ratios (8D and §'°0) (Appendix F of this report, Collins et al. 2005, 092028) support the
conclusion that the Sierra de los Valles provides most of the recharge to groundwater beneath the
Pajarito Plateau. This finding is based on similarities in isotopic ratios between springs discharging within
the Sierra de los Valles and perched intermediate groundwater and the regional aquifer beneath the
Pajarito Plateau. Recharge from the Valles Caldera to deep groundwater beneath the Pajarito Plateau is
not significant. Additional recharge to the regional aquifer occurs along wet canyon bottoms on the
Pajarito Plateau as determined by Kwicklis (2005, 090069).

According to Revisions 0 and 1 of this report and consistent with this Revision 2, measurable activities of
tritium observed in springs discharging within the Sierra de los Valles (>10 pCi/L) suggest that a
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component of groundwater is less than 60 years old within this recharge zone. This report shows low or
nondetectable levels of tritium in White Rock Canyon springs. (See Table 4.2-3 and Appendix B.) The
age of groundwater probably ranges between 3000 and 10,000 years (Vuataz and Goff 1986, 073687,
and Appendix F of this report).

Major ion chemistry of the regional aquifer varies from west to east across the Pajarito Plateau, from a
calcium-sodium-bicarbonate to a sodium-calcium-bicarbonate ionic composition. Higher carbonate and
bicarbonate concentrations in groundwaters at the eastern part of the Laboratory indicate the presence of
calcite (Figures 2.2-1a and c).

Concentrations of trace elements generally increase from west to east within the regional aquifer as a
result of increasing solute residence times and water/rock interactions. Concentrations of natural
dissolved uranium are the highest within the regional aquifer, ranging from 0.5 pg/L at the Laboratory to
more than 1800 pg/L east of the Rio Grande (Collins et al. 2005, 092028, Figure 3-11).

2.2.2.6 Limitations of the Conceptual Hydrogeochemical Model

Recent improvements in the sampling network, the addition of analytical data over time, better detection
limits for some analytes, and improved hydrogeological knowledge from ongoing well drilling and
sampling programs have served to improve the geochemical knowledge of the aquifer systems below the
Pajarito Plateau and surrounding area. However, as with any model, there are limitations, such as the
following.

e The number and distribution of background sampling points are limited as a result of natural
occurrences of springs, topography, land use, and the stage of development of the monitoring
network. An example is the limitation on determining the influence of Los Alamos Reservoir on
well LAO-B. A better determination will be possible as the monitoring network is further improved.

o Development of patterns of geochemical changes between aquifer types is based on hypotheses
of flow paths and data from available, nonideal sampling point locations. While these hypotheses
are improving with time, the model must continue to evolve.

e The extent of influences of non-Laboratory, anthropogenic, and natural effects is imperfectly
known. Examples include the variability of nitrate detections or regionwide perchlorate detections.
The understanding of these external effects is improving with continued sampling and analysis.

3.0 SCOPE OF ACTIVITIES AND METHODS

This section discusses formulation of the investigation to collect groundwater background data, field and
analytical laboratory methods, spatial and temporal parameters, descriptive statistics, data plots, and
PCA/CA statistical methods.

3.1 Data-Quality Objectives

Before conducting this investigation, the Laboratory used the EPA data-quality objective (DQO) process
(EPA 1992, 054947; EPA 1994, 050288; EPA 1997, 057589), a strategic planning approach for data
collection. By using the DQO process, the Laboratory has ensured that the type, quantity, and quality of
background hydrogeochemical data and information used in the decision-making process are appropriate
to meet the objective of determining natural background concentrations of inorganic solutes and
radionuclides in groundwater.
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The DQO process used in this investigation consisted of seven steps, which are described below. The
output from each step influences the choices made in the next steps of the DQO process. This process is
iterative; therefore, the outputs from one step may lead to reconsideration of previous steps. The DQO
process consists of the following: (1) problem definition, (2) data evaluation or decision criteria, (3) data
input for the different aquifer types, (4) spatial and temporal boundaries for sample stations, (5) decision
rules, (6) uncertainty (statistical testing), and (7) design optimization. Of these seven steps, all except the
decision rules (number 5 above) changed for Revision 2 and are described in the following subsections.

3.1.1 Problem Definition

The ability to distinguish between natural, general anthropogenic, and Laboratory-impacted conditions is
essential for assessing data collected during site investigations, establishing cleanup levels, and
understanding hydrologic and geochemical processes. Adequate data to capture the systematic natural
variations in water quality were generally lacking before 1997.

Although the Laboratory, U.S. Geological Survey (USGS), DOE, the University of New Mexico, and
consulting companies had published hydrogeochemical data collected before 1997, there were problems
with using these data to represent background groundwater conditions because of issues with
consistency. For example, many of the groundwater samples collected by the Laboratory were not filtered
before analyses. Subsequently, analytical accuracy and precision varied from sample to sample,
depending on the amount of suspended solids.

In 1997, groundwater-quality databases were reviewed in terms of sample collection and preservation,
chemistry, hydrogeology, time of sample collection, and completeness and accuracy of reported
analytical results. Appendix D provides additional information on geochemical and statistical analyses
using the pre-1997 hydrogeochemical data. The results of the review of data collected between 1997 and
early 2000 are discussed in detail in Appendix F.

Since 1997, sample collection and analytical techniques have resulted in larger numbers of analytes per
sampling event and more consistent analytical quality. For example, filtered and nonfiltered metals
analyses are more routinely paired. The current data set from early 2000 to 2006 was used here to
provide the most recent data collected from up-to-date sampling and analytical techniques.

3.1.2 Data Evaluation Criteria

For each sample station, results of statistical analyses are provided in this report for analytes listed in
Table 4.2-1, -2, and -3, which include 18 major ion species; 30 metals; tritium; 6 radionuclides; gross-
alpha, -beta, and -gamma radiological measurements; and 6 field parameters. Anthropogenic organic
compounds such as trichloroethene, HE compounds, PCBs, and other volatile and semivolatile chemicals
were not included as part of this investigation because they were deemed to be introduced and are not
indicative of background or natural values. Because technetium-99 is synthetically prepared, it was not
included in this investigation either. The presence of these anthropogenic constituents was used as part
of the initial screening to remove potentially impacted locations from the candidate location list.

A two-step screening was performed to select the best candidate background locations for this report.
Locations included in Revision 1 of this report were considered, along with additional probable locations
for all three aquifer types. Locations that were clearly impacted by Laboratory-sourced constituents or
constituents from other anthropogenic activities such as road-salt contamination were excluded from this
listing. Locations at which data was obtained between 2000 and 2006 were included in the listing. Older
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data (1997 to 2000, or earlier if necessary) were used only if no data were available for the years
between 2000 and 2006. Locations were then screened for the following criteria:

e the presence of groundwater greater than 60 years old (measured by the activity of tritium),
except for alluvial groundwater upgradient of the Laboratory and springs discharging within Sierra
de los Valles or within other recharge zones;

¢ alocation hydrologically upgradient of the Laboratory or downgradient in areas not impacted by
Laboratory-derived contaminants (including nitrate at less than 2 mg/L);

e agenerally known mode of groundwater occurrence (alluvial groundwater, perched intermediate
zones, and regional aquifer);

o the availability of data for the years between early 2000 and 2006, with minor exceptions;
¢ length of sampling record (at least three sampling events recorded during the time interval);

e quality of data (determined by inclusion in the WQDB, with the exception of Spring 9B and Pine
Spring, for which additional data were added from the ER Database);

e consistency of sampling location for springs; and

e meeting of well-screen quality criteria (evaluated using Well Screen Analysis Report criteria
[LANL 2005, 091121]).

Two exceptions were made with respect to data availability. Spring 9B is the only spring sampled that
discharges from the Cerros del Rio basalts. For this case, data collected between 1997 and 2000 were
used. Data for Pine Spring, one of two alluvial locations, were also available only for the years between
1997 and 2000.

The resulting list of locations was then screened for evidence of corrosion in the candidate wells. Levels
of iron, chromium, nickel, manganese, and copper were evaluated. For example, wells LA-5 and LA-3
were eliminated because of high levels of copper (greater than three standard deviations from the mean
of other well values and at least three to 10 times the concentration in other evaluated wells). The final list
of locations then totaled 30.

3.1.3 Data Inputs

Data inputs for each aquifer type are provided in Table 3.1-1. Names and locations of background
stations are provided in Table 3.1-2. Data for the alluvial, perched intermediate, and regional aquifer
locations are presented in section 4.

The majority of the data was obtained from the WQDB. The search was limited to data from 2000 and
later. Two locations selected, Pine Spring and Spring 9B, had only one or two samples within the WQDB.
To augment this data set, data were obtained from the ERDB. This search was initiated using sample IDs
from Revision 0 of this report. No condition was set for start date.

3.1.4  Spatial and Temporal Boundaries

The region considered in this investigation extends from the western edge of the Jemez Mountains
eastward to the Rio Grande, and from Frijoles Canyon northward to Garcia Canyon. Sampling locations
were selected from these pools of potential locations:
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¢ those used in the previous report version, including Seven Springs, which is located west of the
Laboratory; and

o Pajarito Plateau locations west of the river that did not exhibit anthropogenic effects.

Data used were collected between early 2000 and 2006, as discussed above, with the exceptions of
Spring 9B and Pine Spring, for which recent data were not available. This more recent data set was used
because many new sampling locations have been added since 1997, because up-to-date and more
consistent sampling and analysis techniques were used, and because the larger data set provides a
better basis for the statistical analysis of the regional aquifer beneath and around the Pajarito Plateau.

3.15 Data Assessment

For this study, all analytical results in the data set were used to calculate statistical results presented in
section 4 and to develop box plots (Appendix C). No data were excluded from statistics as being outliers.
The data were assessed using the criteria below.

If analytical results for groundwater samples collected from a single mode of groundwater occurrence met
the data-assessment criteria, then these data were included in statistical analyses to establish
background distributions for each analyte for that mode of groundwater occurrence.

Steps in the data assessment were as follows:

o Evaluate the sample analytical results for each analyte to determine the overall variability and to
verify the hypothesized differences between water sources (alluvial, perched intermediate, and
regional aquifer) (Appendix C).

e Assess variability. Variability from Laboratory analyses should be small compared with
temporal/spatial variability of groundwater samples; a target value should have less than 25%
relative standard deviations from Laboratory duplicates.

3.1.6  Design Optimization

Because groundwater sample locations for background must be defined (i.e., locations must be credible
upgradient or in unimpacted areas) and ideally would be taken from a random grid, a statistical-design
optimization is not practical for the study area. Rather, the available locations were evaluated and
selected using specific criteria to encompass geographic and hydrological variation (section 3.1.2).

Classification of groundwater with respect to the aquifer unit was based on (1) well depth, (2)
hydrogeologic units penetrated, (3) depth to the zone of saturation sampled and observed, or (4) the
projected position of the regional water table at that location. Groundwater collected from well LAO-B was
considered to be perched in the alluvium because it was the only well penetrating the alluvium upgradient
of the Laboratory boundary. Water from well LAOI-1.1(a) (Guaje Pumice Bed) was assigned to the
intermediate-depth perched system because the saturated zone from which it came lies above the
projected position of the regional water table. Groundwater samples collected from supply wells such as
PM-4 were classified as regional groundwater because those wells are only screened in the deep
groundwater system.

Classification of spring waters is more difficult because of a lack of subsurface data and information.
Several criteria were applied in classification: position relative to the regional water table, geologic
material at the spring outlet, hydrologic conditions in the area, elevation relative to the Rio Grande, and
water chemistry. Several springs are within recharge boundaries in the Sierra de los Valles (Water
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Canyon Gallery, Pine Spring [alluvium], and Cafion de Valle-5.0 Spring). This hydrologic setting indicates
that these groundwaters had relatively short travel or residence times within the volcanic rocks and
alluvium. Several springs in White Rock Canyon discharge from the Cerros del Rio basalt (e.g.,

Spring 9B) and from hydromagmatic deposits and were assigned to the regional aquifer. Some spring
waters discharging from elevations slightly above that of the Rio Grande were also assigned to the
regional groundwater system. These springs occur in an area of known artesian conditions and had low
tritium activity, suggesting that they have had a decades-long travel time (e.g., Spring 1).

Although the position of the groundwater divide west of the Laboratory is uncertain, Seven Springs clearly
lies west of the divide. Nonetheless, it is included as one of the perched intermediate sampling locations
because it discharges from the Bandelier Tuff and its major ion chemistry is similar to that of well
LAOI-1.1(a).

The sampling design included an analysis of groundwater samples to characterize both inorganic
constituents and radionuclides. A full table of analytes is presented in Table 3.2-2. Background level
distributions of these anions and radionuclides were determined by sampling:

e springs that discharge east, west, north, and south of the Laboratory boundary;

e arange of characterization, monitoring, and supply wells across the Pajarito Plateau and
surrounding areas;

o supply wells, characterization wells, and springs that contain concentrations of anions less than
those observed in contaminated groundwater; and

o supply wells, characterization wells, and springs downgradient of Laboratory releases that contain
concentrations of tritium less than 1 pCi/L and/or activities of fallout-derived radionuclides
(strontium-90, cesium-137, plutonium-238, plutonium-239/240, and americium-241) with greater
than 90% of analyses less than detection.

Initial statistical analyses include mean, maximum, minimum, standard deviation, Student’s t-tests, normal
quantile plots, and box plots (section 4.2 and Appendix C). A secondary, multivariate statistical analysis
(sections 3.6.1 and 4.5.1, below) used the regional aquifer data in both hierarchical CA and PCA to
determine appropriate groupings of similar water types. Geochemical evaluation of the background data
included comparing cation-anion distributions; observing trends in metals occurrence; determining the
presence or absence of tritium in relation to recharge and discharge zones; and evaluating trace-element
geochemistry.

3.2 Field and Laboratory Analytical Methods

Results of field measurements taken at the sampling stations are provided in Appendix B. The following
laboratories were used for analysis of groundwater samples for organic, inorganic, and radiochemical
analyses:

e General Engineering Laboratories (GEL, also known as GELC) for selected trace elements,
metals, and general aqueous geochemistry;

e The Laboratory’s EES-6 geochemistry laboratory for general aqueous geochemistry;

e  University of Miami Tritium Laboratory (UMTL) for low-level tritium analyses.
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3.21 Field Methods

Detailed information on field methods is contained in the “Interim Facility-Wide Groundwater Monitoring
Plan, Revision 1.1” (LANL 2006, 094043).

A bladder pump sampling system was used to collect groundwater from alluvial well LAO-B and
intermediate well LAOI-1.1(a). Submersible pump sampling systems were used to collect groundwater
from single-screen regional wells R-1, R-13, and R-21. Wells were purged to a minimum of one bore
volume, and purging continued until water-quality indicator parameters stabilized. Field parameters,
measured in a flow-through cell, were allowed to stabilize from these wells before samples were
collected.

Groundwater samples from supply wells PM-2, PM-4, PM-5, G-1A, G-2A, G-3A, G-4A, and G-5A were
collected from a spigot or from tubing connected in line with the pump. Samples were obtained after
running the water for a minimum of 5 min. Field parameters were measured in an open container. These
samples were not filtered.

Water samples at springs were collected by dipping a beaker or sample bottle into the surface expression
or by transferring the water directly from the spring to the sample container using a peristaltic pump. Field
parameters were measured by placing the individual meters directly into the pool of spring water.
Samples collected for turbidity measurements were dipped from the pool of water and were placed into a
sample measurement cell.

Groundwater samples for metals and general chemistry analyses were collected in precleaned plastic
bottles. Filtered samples were processed on-site immediately after collection, using 0.45um acetate filter
membranes, or filtered during the sampling process with 0.45 pym in-line filters. Duplicate samples were
collected in the field for every 10 primary samples. The field duplicate samples were separate aliquots
collected during the same sampling event for a location. Total carbonate alkalinity was determined in the
laboratory using standard titration techniques within 48 h of sample collection.

Groundwater samples were preserved as required, including the use of ice at 4°C and by using
concentrated HNO; or concentrated H,SO,. The pH of acidified samples (metals, nitrate plus nitrite, and
radionuclides excluding tritium) was lowered by the dropwise addition of acid to a pH of <2 or by the use
of preacidified sample containers.

The field parameters recorded for each of the 29 sampling stations included pH, temperature (°C),
dissolved oxygen, oxidation reduction potential, specific conductance (uS/cm), and turbidity (NTU).
Appendix B provides the field-measured values for pH, specific conductance, temperature, and turbidity
taken at each sampling station and the sampling dates.

An Orion temperature-compensated pH meter was used for temperature and pH. The meter was
calibrated daily using three buffer solutions (pH = 4.01, 7.00, and 10.01). Specific conductance was
measured with two Hanna temperature-compensated conductivity meters. The meters were calibrated at
the beginning of each day of use. Turbidity was measured with a Hach turbidmeter calibrated at the
beginning of the field season.

The Orion meter had a resolution of 0.01, and accuracy was reported as +0.01 for pH. Temperature
resolution and accuracy were 0.1°C and +1.0°C, respectively. The Hanna conductivity meters had a
resolution of 10 uS/cm, and accuracy was reported as +40 uS/cm. The Hach turbidmeter had a resolution
of 0.1 NTU below 100 NTU and an accuracy of <56% of the reading or £0.1 NTU.
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3.2.2  Analytical Methods

A list of constituents analyzed is shown in Table 3.2-2. Analytical methods and the analytical laboratories
using the methods are shown in Table 4.1-1. The external analytical laboratories followed the
Environmental Restoration (ER) Project statement of work (SOW) (LANL 1995, 049738 and/or
subsequent revisions) for quality control (QC) of sample analyses for holding time and sample
preservation, storage, preparation and chain of custody procedures.

GEL/GELC analyzed groundwater samples for metals and uranium using inductively coupled plasma
mass spectroscopy (ICPMS). Detection limits for these analytes generally ranged from 0.1 to 0.5 pg/L.
Samples were also analyzed for inorganics as specified in EPA SW-846 (EPA 1997, 057589 and
subsequent revisions).

At EES-6, groundwater samples were analyzed for inorganics using additional techniques specified in
EPA SW-846 (EPA 1997, 057589 and subsequent revisions). EES-6 instrumentation and instrument
detection limits are presented in Appendix F, Table F-2.2-2.

UMTL performed tritium analyses using direct counting for tritium and electrolytic enrichment for low-level
tritium (less than 100 pCi/L).

3.2.3  Analytes of Interest

Tables in section 4 provide field parameters, major ions, neutral species, trace elements, and
radionuclides measured or analyzed as part of this investigation.

3.3 Scope of Groundwater Background Investigations in Time and Space

This subsection presents an overview of the sampling stations selected for Revision 3 of this groundwater
background investigation from 2000 to 2006. More detailed information is provided in Appendix E,
including the sampling station name, location, land ownership, geologic setting, and a brief description for
each site. The sampled locations included 13 wells and 16 springs. Sample locations are shown in

Figure 1.2-1.

Seven Springs is included as part of this investigation although it is separated from the Pajarito Plateau.
This spring is located west of the recharge area for the Pajarito Plateau, but its major ion chemistry is
similar to well LAOI-1.1(a). Seven Springs and well LAOI-1.1(a) discharge and are completed,
respectively, within the Otowi Member of the Bandelier Tuff and the Guaje Pumice Bed. Seven Springs
discharges from the west side of Calaveras Canyon, about 400 m upstream of State Highway 126 and
west of the Valles Caldera on the Jemez Plateau. Several springs are in the immediate vicinity of one
another; some of the springs discharge from alluvium, and others discharge from outcrops of densely
welded rhyolite tuff. Samples were taken from the spring that issued the largest volume of water.

3.3.1 Springs within the Recharge Zone

Springs in the recharge area west of and upgradient of the Laboratory include Carion de Valle-5.0 Spring,
Pine Spring, Barbara Spring, Campsite Springs, and the Water Canyon Gallery. Cafion de Valle-5.0
Spring issues about 2.4 km west of State Highway 501 at an elevation of 2569 m. The spring is situated
about 20 m above the bottom of upper Cafion de Valle. The spring may discharge from the Tshirege
Member of the Bandelier Tuff or the Tschicoma Formation. At this location, it appears that the Tshirege
Member fills pre-existing topography in the vicinity of the spring, because downstream there are major
outcrops of pre-existing Tschicoma Formation dacite.
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Water Canyon Gallery (elevation 2439 m) is an improved spring occurring in the north branch of
uppermost Water Canyon, about 1.3 km west of State Highway 501 and just west of the Pajarito Plateau.
The spring issues from a tunnel that extends into a cliff of densely welded ignimbrite of the Tshirege
Member of the Bandelier Tuff.

Barbara Spring is located in Frijoles Canyon about 5.5 km west-southwest of the Laboratory boundary. It
discharges from a location near the contact of the Bandelier Tuff and Tschicoma Formation (Smith et al.
1970, 009752). It has a southwest-sloping discharge at three discharge points at an elevation of 2357 m.

The Campsite Springs are located in Guaje Canyon about 8.5 km northwest of the Laboratory boundary.
They discharge from the Tschicoma Formation (Smith et al. 1970, 009752). They have a southward-
sloping discharge with three discharge points about 6 m above a channel at an elevation of 2622 m.

3.3.2 Sampling Stations on the Pajarito Plateau

Figure 1.2-1 shows the locations of wells completed in the regional aquifer that are positioned along
regional flow paths downgradient of the recharge zone for the Pajarito Plateau.

Well LAOI-1.1(a) is an observation well that was drilled in upper Los Alamos Canyon in 1994. It is
screened within a perched zone in the Guaje Pumice Bed at the base of the Otowi Member of the
Bandelier Tuff. Perched intermediate groundwater at the well occurs at a depth of 94.5 m.

Well LAO-B is an observation well drilled into valley-fill alluvium in upper Los Alamos Canyon west of the
Laboratory boundary. The groundwater occurs within alluvium.

Pine Spring is located in upper Garcia Canyon about 6 km north of Los Alamos. Pine Spring discharges
within the alluvium on the downthrown side of a north-south-trending fault juxtaposing boulder-bearing
sediments of the Puye Formation (to the west) against mafic-to-intermediate composition lavas and
overlying Puye deposits (to the east) (Smith et al. 1970, 009752; Kempter and Kelley 2002, 088777).

Well R-1 is a characterization well of the regional aquifer located in upper Mortandad Canyon near TA-5.
It has a total depth of 355 m below ground surface (bgs) and is screened from 314 to 322 m bgs into the
lower Puye Formation (Collins et al. 2005, 092028).

Well R-13 is a characterization well of the regional aquifer located in Mortandad Canyon, in the east-
central portion of the Laboratory, near the boundary with the San lldefonso Pueblo. The well was installed
as a monitoring well for potential effluents in the Mortandad Canyon watershed. It was drilled to a depth of
345 m bgs with a single screen in the regional aquifer. Water was encountered at about 254 m bgs, in the
Puye Formation and the Cerros del Rio basalts. No perched water was encountered at this location
(LANL 2003, 076060).

Well R-21 is a characterization well of the regional aquifer located north of TA-54 in Cafiada del Buey. It
has a total depth of 303 m bgs and is screened from 271 to 276 m bgs into the Puye Formation (Collins et
al. 2005, 092028).

Wells G-1A, G-2A, G-3A, G-4A, and G-5A are water supply wells located in the Guaje Well Field north of
the Laboratory in Guaje Canyon. All of the wells are completed in the Santa Fe Group, Tesuque
Formation, basalt, and basalt breccias. Well G-1A was drilled to a total depth of 463 m bgs and screened
from 83 to 461 m bgs in the regional aquifer (Purtymun 1995, 045344; McLin 2006, 093672). Well G-2A
was drilled to a depth of 619 m bgs and is screened from 172 to 604 m bgs. Well G-3A was drilled to a
depth of 619 m bgs and is screened from 180 to 604 m bgs. Well G-4A was drilled to a depth of 619 m
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bgs and is screened from 200 to 604 m bgs. Well G-5A was drilled to a depth of 619 m bgs and is
screened from 233 to 604 m bgs (Collins et al. 2005, 092028; McLin 2006, 093672).

Wells PM-2, PM-4, and PM-5 are supply wells located in the Pajarito Well Field in the central part of the
Laboratory north of Threemile Canyon and Pajarito Canyon (Pajarito Plateau). Well PM-2 is completed to
a depth of 792 m bgs and screened from 306 to 695 m bgs. It is completed in the Puye Formation, Totavi
Lentil, Chaquehui Formation, basalt, basalt breccias, and the Tesuque Formation in the regional aquifer
(Santa Fe Group) (Purtymun 1995, 045344).

Well PM-4 is completed to a depth of 890 m bgs and screened from 384 to 870 m bgs in the Puye
Formation, Totavi Lentil, Chaquehui Formation, basalt, basalt breccias, and the Tesuque Formation In the
regional aquifer (Santa Fe Group) (Purtymun 1995, 045344).

Well PM-5 is completed to a depth of 948 m bgs and screened from 439 to 936 m bgs in the Puye
Formation, Totavi Lentil, Chaquehui Formation, basalt, basalt breccias, Chamita Formation, and the
Tesuque Formation in the regional aquifer (Santa Fe Group) (Purtymun 1995, 045344).

3.3.3  Sampling Stations within the Discharge Zone

Ten springs are located within the discharge zone for the regional aquifer. These include Springs 1, 5B, 6,
6A, 8A, 9, 9A, 9B, Sacred Spring, and Ancho Spring (Figure 1.2-1). Information about the springs is
located in Purtymun et al. (1980, 006048) and in Appendix E.

Spring 1 issues from a small bench about 40 m above the northeast side of the Rio Grande at elevation
1702 m and about 1.5 km downstream of the Otowi Bridge. The bench occurs within a landslide complex
made up of a variety of sediment types within the Santa Fe Group (Totavi Lentil) and is a
calcium-bicarbonate water type, according to Purtymun et al. (1980, 006048).

Spring 5B is located approximately 800 m northwest of the mouth of Ancho Canyon above the Rio
Grande at elevation 1644 m. It issues from coarse-grained sediments of the Tesuque Formation.

Spring 6 also issues from the Tesuque Formation, just southwest (200 m) of the mouth of Ancho Canyon,
at elevation 1640 m. Springs 5B and 6 are in Purtymun’s Group Il (sodium bicarbonate-1640 waters) and
are located at the edge of the Rio Grande channel (Purtymun et al. 1980, 006048).

Spring 6A is located southwest of Spring 6, downstream, and issues from the same formation as Spring 6
and Spring 5B. It is located at elevation 1637 m, above the river.

Springs 8A, 9, and 9A are located in a cluster upstream and immediately north of Chaquehui Canyon. All
issue from the Tesuque Formation about 40 to 60 m above the river. The elevation of Spring 8A is

1668 m. The elevation of Spring 9 is 1669 m, and the elevation of Spring 9A is 1695 m. Spring 8A is
located east of springs 9 and 9A. Purtymun characterized these springs in his Group Il sodium and
bicarbonate waters (Purtymun et al. 1980, 006048).

Spring 9B issues from the bottom of a basaltic lava flow on the northwest side of White Rock Canyon,
roughly 200 m downstream of the mouth of Chaquehui Canyon. It is located in hydromagmatic deposits
and flows out of the Cerros del Rio volcanic field. The spring is about 25 m above the Rio Grande at
elevation 1674 m (Purtymun et al. 1980, 006048).

Sacred Spring issues into a pool about 10 m in diameter located about 0.5 km north of the junction of
State Highways 4 and 30 and about 100 m east of State Highway 30. Sacred Spring issues from
unconsolidated sedimentary rocks of the Santa Fe Group at elevation 2029 m.
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Ancho Spring is located approximately % mile upcanyon from the Rio Grande in Ancho Canyon at
elevation 1737 m. It issues from the Puye Formation (Totavi Lentil) (Purtymun et al. 1980, 006048; Collins
et al. 2005, 092028).

3.4 Descriptive Statistics

Statistical parameters for groundwater facies were calculated for both filtered and nonfiltered datasets.
Parameters calculated or identified were the number of analyses, number of nondetects, percent
nondetects, median, mean, maximum, minimum, standard deviation, percentiles (5", 10", 25", 75™ 90",
95”‘), geometric mean, skew, and upper tolerance limit (UTL). With the exception of the UTL, (section
3.6.4), all parameters were calculated using Microsoft Excel basic statistics functions. In the case of fewer
than eight analyses or greater than 50% nondetects, only median, mean, maximum, and minimum are
presented to avoid presenting values not indicative of background. Otherwise, nondetects were
incorporated as one-half of the detection limit.

The Mann-Whitney U-test is a nonparametric alternative to the t-test for independent samples. This test
was used instead of a t-test because most of the constituents measured for each aquifer type are not
normally distributed for filtered samples. The Mann-Whitney U-test assumes that the variable under
consideration was measured on at least an ordinal (rank order) scale. The interpretation of the result of
the test is essentially identical to the interpretation of the result of a t-test for independent samples, except
that the U-test is computed based on rank sums rather than means. The U-test is the most powerful (or
sensitive) nonparametric alternative to the t-test for independent samples; in fact, in some instances it
may offer even greater power to reject the null hypothesis than the t-test. Results of this test are
presented in Table 4.3-1 and discussed below in section 4.3.

3.5 Data Plots

Analytical suites and sampling dates for the background stations are provided in Appendix A. All data with
qualifiers are presented in Appendix B.

In order to examine the data, several types of data plots were prepared using Sigma Plot and are
presented in Appendix C. For each constituent, a time series is presented along with two types of box
plots; one showing variation by location and the other showing variation by aquifer types and filtration.
While box plots can be used to identify outliers, no outlier identification was performed for this analysis,
and no data were excluded from the data set.

Box plots: There are two box lots presented for each constituent—one separated by location, and the
other by aquifer and filtration. In the location box plot, only filtered values are shown with the exception of
water supply wells (G-1A, G-2A, G-3A, G-4A, G-5A, PM-2, PM-4, PM-5). Because of the nature of the
analyses, pH, specific conductance, total suspended solids, tritium, dissolved oxygen, oxidation reduction
potential, temperature, and turbidity show nonfiltered values for the location box plots. Box plots are used
to show differences between two or more sample locations or other data groupings. Box plots summarize
information about the shape and spread of the distribution of concentrations for an analyte. Box plots
consist of a box, a (median) line across the box, and a mean line. The y-axis displays the observed
concentrations in the reported units. The area enclosed by the box shows the concentration range
containing the middle half of the data; that is, the lower box edge is at the 25" percentile, and the upper
box edge is at the 75" percentile. The length of the box is a measure of the spread of the range of
concentrations. The black horizontal line across the box represents the median (50th percentile) of the
data, a measure of the center of the concentration distribution. If the median line divides the box into two
approximately equal parts, the shape of the distribution of concentrations is symmetric; if not, the
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distribution is skewed of nonsymmetrical. The red horizontal line across the box represents the mean of
the data, a measure influenced by exceptionally low or high values. The top and bottom horizontal lines
represent the 5™ and 95" percentiles. Concentrations outside the 25" to 75" percentiles are plotted as
points outside the box.

Time series analysis: A time-versus-concentration scatter plot is provided for each constituent measured.
Time is plotted along the x-axis, and the constituent concentration is plotted along the y-axis. Any
long-term trends can be deduced from these plots. Nondetects are shown in open symbols and plotted as
one-half the detection limit. Figures show the impact of the number of nondetects, the detection limit to
the total data set, and variation between filtered and nonfiltered results.

3.6 PCA and CA Statistical Methods

3.6.1 PCA and CA Method Description

This study employed multivariate statistical analyses to determine if water quality patterns exist within the
regional aquifer that could lead to development of area-specific background water quality levels. The
multivariate statistical techniques were used to reduce the large amounts of geochemical data to decipher
patterns within the data that might not otherwise be observed. Ultimately, this approach allows for
partitioning water chemistry samples into like groups. The general procedures recommended by

Giiler et al. (2002, 094417) for classification of water chemistry data were followed in this study.

3.6.2 Data Set Used in the Analysis

Selected regional aquifer groundwater quality data from 2000 through 2006 were pulled from the WQDB.
Data were pulled for 35 initial candidate sample locations that included White Rock Canyon Springs,
municipal supply wells, and groundwater monitoring wells. Results for a minimum of three sampling
rounds were available for each of the stations. From this data set, the median value was identified from
the various sampling rounds as a robust description of the typical analyte concentration present in the
aquifer at a given station. Use of the median reduces the possibility of the statistical analyses being overly
influenced by a single out-of-the-ordinary result.

Of the 37 water-quality parameters (consisting of major ions, metals, and pH), 17 parameters occur most
often and were used in the statistical analysis. The parameters used were: bicarbonate alkalinity (HCOs)),
boron (B), barium (Ba), calcium (Ca), chloride (Cl), chromium (Cr), fluoride (F), potassium (K),
magnesium (Mg), sodium (Na), nitrate (NO3;+NO, as N), silica (Si as SiO,), sulfate (SO, strontium (Sr),
uranium (U), vanadium (V), and pH. Only data from filtered samples of the White Rock Canyon springs
and monitoring wells were used. Both filtered and nonfiltered sample results from the water supply wells
were used because of the low turbidity and developed nature of the wells.

3.6.3 Data Editing Procedures

First, analytes with below-instrument-detection-limit concentrations values in more than half the samples
(nondetects) were removed from statistical analyses. Below-detection-limit concentration values were
replaced with values equal to half the instrument detection limit (Farnham et al. 2002, 094420).

The statistical analyses performed on the data included PCA, hierarchical cluster analysis (HCA), and
K-means clustering. The data are not required to be normally distributed for the PCA, but the
assumptions of CA techniques include equal variance and normal distribution of the variables (Giiler et al.
2002, 094417). Therefore, the data were transformed to approximate a normal distribution to allow for
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cluster analyses. Probability plots and box plots were used to evaluate the distribution characteristics of
the median values for each variable in the dataset. Based on these graphics, decisions were made
concerning the need for natural logarithmic transformations to achieve a better approximation of the
normal distribution. The review showed that most of the variables skewed positively, containing a small
number of high values. All but five (Cr, NO3 + NO, as N; Mg, Si as SiO,, pH) of the parameters were log-
transformed so that they more closely corresponded to normally distributed data.

The last step in the data editing involved standardization of the data. All 17 parameters were standardized
by calculating their standard scores (z-scores), as follows:

z; = (2)

where z;= standard score of the sample | ; x; = value of sample | ; X = mean; s =standard deviation.

The concentrations of the analytes used in this study vary by several orders of magnitude. Some trace
elements concentrations are measured in ug/L levels and others in ng/L levels. Standardization allows
each analyte, regardless of concentration magnitude, to be compared equally. Standardization scales the
data to a range of approximately -3 to +3 standard deviations, centered about a mean of zero. Each
variable thus has equal weight in the statistical analyses. The standardized scores were input into the
statistical analysis software “Statistica for Windows 7.1.”

3.6.4  Upper Tolerance Limit Calculation Methods

UTL values were calculated for constituents that were detected at a rate greater than 50% and with a
number of detections greater than or equal to 8 using statistical methods (described in LANL 1998,
059730). If these statistical criteria were not met, the maximum typical detection limit was used. Results
are shown in Tables 4.2-1, 4.2-2, and 4.2-3.

Measured results were square-root transformed and natural logarithm transformed. Normal probability
plots were produced from these data using the Statistica Software package. The plots were reviewed, and
the best approximation to a normal distribution was selected. Three parameters were found not to
approximate a normal distribution in the regional aquifer data set, even with transformation: strontium,
silica, magnesium, alkalinity, and bicarbonate. These parameters appeared to be bimodal in form.

UTLs were calculated following EPA guidance and previous LANL background reports (LANL 1998,
059730). For log-transformed data, a formula from Gilbert (1987, 056179) was used.

2

Sy
= exp(y + 7) (3)

o = 1*(exp(S,") - 1) (4)
Where:

M = mean
y = arithmetic mean
S, = variance of sample

o = variance of population
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For strontium, silica, magnesium, alkalinity, and bicarbonate the same nonparametric formula was used
(as referenced in LANL 1998, 059730.2).

RANK (UTL) = 0.95x (n +1)+0.427 x n®® (5)

The mean and the square root of the variance (standard deviation) are then used as described in LANL,
1998 (059730). For constituents that did not meet the UTL calculation criteria, maximum values were
calculated. Results are discussed in section 4.3.1.

4.0 RESULTS

4.1 Results of Data Validation

Revision 0 and Revision 1 of this report contained a detailed analysis of data validation for comparisons
between EES-6 and other analytical laboratories and for the validation of all data used for background
studies between 1997 and 2000. The prior discussion of the EES-6 data-validation process and other
contract-laboratory data-validation and quality-assurance (QA) processes is presented in Appendix F.
The data-validation and QA processes have remained the same for this revision of the report, so no
further discussion is necessary.

A detailed discussion of data-quality criteria, data-quality issues and their resolution, and the risk-based
approach to environmental QA activities can be found in the Laboratory’s Environmental Surveillance
reports for each year. Environmental sampling personnel conduct QA activities in accordance with DOE
Order 414 .1A, which prescribes a risk-based, graded approach to QA. The WQDB
(http://www.lanl.gov/community/environment/h20/) contains all the surface water, groundwater, and
sediment analytical data received from contract analytical laboratories. None of the data are censored or
removed. The primary documentation of analytical issues for data for any given year is provided in these
reports. This process promotes the selective application of QA and management controls based on the
risk associated with each activity to maximize effective resource use. The most recent report is
“Environmental Surveillance at LANL during 2005, LA-14304-ENV, September 2006”(LANL 2006,
093925), which can be found at: http://www.lanl.gov/community/environment/docs/reports/esr.shtml.

4.2 Evaluation of Analytes

4.2.1  Analyte Groups

The entire list of analytes from the contract analytical laboratories and the EES-6 analytical laboratory
was reduced to those most applicable to the objectives of this report (section 1.3), particularly major ions
and field parameters, metals, tritium, selected radionuclides, and radioanalytical measurements. Table
4.2-5 lists the analytes and the applicable regulatory agency (NMED, EPA, and DOE). Statistical plots for
these analytes are provided in Appendix C, and a brief narrative is provided below for each analyte by
type. The statistical plots provide a visual summary of the results from all analytical laboratories. Both
filtered and nonfiltered data were reviewed for this section of the report. Differences between filtered and
nonfiltered data sets are noted where applicable. Nondetects are plotted in Appendix C as one-half of the
detection limit.

Field Measurements: Specific conductance (conductivity), pH, temperature, dissolved oxygen, oxidation
reduction potential, and turbidity were measured on nonfiltered samples. Specific conductance was
highest in the alluvial groundwater with comparable levels in intermediate and regional systems. The
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highest mean values were at PM-4, Sacred Spring, and Spring 1. The greatest variance was at PM-4
(Figure C-20).

The pH in most locations tended to be near neutral to slightly alkaline, and its greatest variation was in
the perched intermediate groundwater (Figure C-19). The highest pH values were noted in Guaje wells
1-A, 2-A, 3-A, 5-A, and in R-13. A trend in well LAOI-1.1(a) was noted, with pH and specific conductance
in the values from 2004 to 2006 decreasing from levels much greater than those measured in the 1997 to
2000 time frame (Appendix F). The cause of this trend is unknown and should be noted by data users. No
concomitant trends were noted in the metals analyses for this well.

Temperature was observed to increase with depth and was greatest in the regional aquifer sampling
locations (Figure C-22). This trend was consistent with temperature data in Revision 1 (Appendix F).

Turbidity measurements are generally low. This finding is indicative of a well that is sufficiently developed
and indicates proper sampling technique in springs (Figure C-22).

Dissolved oxygen measurements indicate oxic conditions (Figure C-23).
Oxidation reduction potential is smallest in the regional aquifer (Figure C-25).

Major Cations: The major cations calcium (Figure C-32), magnesium (Figure C-39), potassium

(Figure C-44), and sodium (Figure C-47) were detected in nearly all samples (98% detection of
magnesium in the regional aquifer). Within the regional aquifer, more nonfiltered samples were collected
than filtered samples. Median values of calcium, potassium, magnesium, and sodium were similar in
nonfiltered samples. Sacred Spring and Spring 1 tend to have higher sodium or calcium levels than in
other nonfiltered samples from other locations. Sacred Spring exhibits markedly higher concentrations of
calcium and Spring 1 exhibited higher levels of sodium than other locations in both filtered and nonfiltered
samples. The remaining locations tended to have similar ranges of both filtered and nonfiltered values for
all four major cations. These results have implications for the statistical PCA and CA analysis groupings,
discussed below.

All but two samples of intermediate locations were nonfiltered. Ranges of all major cations in these
nonfiltered samples fell within the same ranges as for filtered samples in the regional aquifer. All alluvial
major cation samples were filtered. Median values and ranges for calcium, magnesium, and potassium
were slightly higher in the alluvial samples than in intermediate and regional median values, while the
sodium median value was lower.

Ammonium (Figure C-3) was detected infrequently and was highest in alluvial samples.

Major Anions: Major anions were generally detected at a high frequency, with some exceptions,
particularly bromide and ammonia in the regional and alluvial data sets. The regional aquifer has slightly
elevated levels of alkalinity (Figure C-1), bicarbonate (Figure C-2), and elevated levels of fluoride
(Figure C-7) when compared with the other aquifer types. Filtered and nonfiltered alkalinity results within
the regional aquifer were similar, except for Sacred Spring, Spring 1, and well G-5A, which had higher
bicarbonate alkalinities than other regional locations. Fluoride in the regional aquifer (filtered and
nonfiltered data) tended to be higher in well G-1A and Springs 1 and 9B. Median and ranges of fluoride
values were lower than the regional results in both the intermediate and alluvial groundwater samples.

Chloride (Figure C-6) in the alluvium was much higher than intermediate or regional values. Well G-1A, as
well as Sacred Spring and Spring 1, had higher levels of chloride within the regional (filtered samples).
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Other major anions such as bromide (Figure C-4), and sulfate (Figure C-13) do not show significant
variation among groundwater types. Nitrate (NO; + NO, as N) (Figure C-9) concentrations are lowest in
the alluvial groundwater and show the highest variance in the regional aquifer. This is probably a result of
biogeochemical cycling in the shallow subsurface or low anthropogenic inputs (e.g., agricultural or septic).
In the shallow subsurface, microsites of anoxia can develop in otherwise oxic environments, which lead to
reduction of nitrate to nitrogen gas (Koba et al. 1997, 093667).

Trace Metals: The detection rate of trace metals varied greatly, with some constituents rarely detected or
not detected at all, including silver, beryllium, cadmium, cobalt, copper, mercury, nickel, lead, antimony,
selenium, tin, thallium, and titanium. These metals were each detected in a few samples (fewer than
25%) and showed no appreciable trends or elevated levels in either filtered or nonfiltered samples across
all aquifer types.

For constituents detected at low frequency, box plots must be evaluated with care. Aluminum, arsenic,
boron, copper, iron, and lithium were detected more frequently in the alluvial and intermediate samples
(Figures C-25, -27, -30, -35, -36, and -38), possibly because EES-6 analyzed a higher proportionate
number of these samples with a lower detection limit.

Pine Spring aluminum results were 10 to 100 times greater than results from other sampling locations,
including the highest nonfiltered results from the regional or intermediate locations. No trends were
otherwise noted for aluminum.

Arsenic (Figure C-27) results were typically consistent across all sample locations, with most detected
results within the perched intermediate groundwater, which also had slightly higher concentrations than
the other groundwater facies. More variance was found in the regional aquifer.

Boron (Figure C-30) was not detected in the alluvium but was detected at high frequency (96%) in
intermediate groundwater. PM-2, Sacred Spring, and Spring 1 showed higher levels of boron. The most
variance was found in the regional aquifer.

Copper (Figure C-35), manganese (Figure C-40), molybdenum (Figure C-42), and strontium

(Figure C-44) results were generally consistent by sample location with no significant differences among
groundwater types. Two exceptions were noted. At well R-21, Mn levels have remained elevated over
time (7.29-11.2 ug/L). Other wells have had levels in this range, but these levels have decreased over
time. Sacred Spring also exhibited high Mn levels from 2004 onward (32.8-124 ug/L).

Chromium (Figure C-33) was detected most frequently in the regional aquifer, not at all in the alluvial, and
showed higher concentrations and variance in the regional than the intermediate locations.

Trace metal constituents most frequently detected included barium (Figure C-28), iron (Figure C-36),
strontium (Figure C-48), uranium (Figure C-52), and vanadium (Figure C-53). The latter two were more
frequently detected in the regional locations than in intermediate or alluvial locations.

Barium (Figure C-28) results showed some higher values in the regional aquifer, but median values were
similar across aquifer types. Barium was detected in all regional and intermediate locations but not at all
in the alluvial locations, and it was at Sacred Spring and Spring 1.

May 2007 34 EP2007-0250



Groundwater Background Investigation Report, Rev. 3

Iron (Figure C-36) was detected more frequently in intermediate and alluvial groundwaters. Results
tended to be variable for both location and aquifer type. Pine Spring iron results are 10 to 100 times larger
than results from other sample locations. A nonfiltered result from Spring 1 was similarly higher than other
samples, while nonfiltered results from intermediate samples tended to be up to 10 times higher than
regional data. Pine Spring also exhibited higher nickel and manganese concentrations than other
locations.

Strontium (Figure C-48) was detected at all sampling locations, with no appreciable differences between
aquifer types or filtered and nonfiltered samples. Sacred Spring and Spring 1 showed the highest
concentrations.

Uranium (Figure C-52) was detected most frequently in the regional aquifer, with little difference between
filtered and nonfiltered results. There was little variation from location to location and among groundwater
types. Uranium in Spring 1 and Sacred Spring appears elevated (2 to 10 times concentration levels)
compared with other sample locations.

Vanadium (Figure C-53) concentrations were higher in the regional aquifer than in the intermediate and
were not detected at the alluvial locations.

Zinc (Figure C-54) concentrations are greatest at LAOI-1.1(a) skewing the median value and range higher
for the intermediate locations. Otherwise values were consistent with the regional aquifer locations.

Radionuclides: Several radionuclides and radiologic measurements exhibited very low rates of detection.
Because of the high percentage of nondetects (75% to 100% across all groundwater types), americium-
241, cesium-137, plutonium-238 and strontium-90 statistical plots (Figures C-56, C-57, C-61, and C-62)
represent instrument noise rather than representative values.

Gross-alpha radioactivity was detected in 17% of regional and 20% of perched intermediate samples,
while gross beta radioactivity was detected in 48% of regional aquifer samples, 80% of perched-
intermediate, and 100% of alluvial samples. Gross-gamma radiation was detected in 40% of the alluvial
samples. Other detection percentages for radioactivity were less than 1%. Overall variability was low but
mean values were skewed high by individual sample measurements.

Tritium was characterized using UMTL results. Well LAO-B contained tritium at 30 pCi/L in 2006. This
was the highest concentration found, as expected for modern waters. Perched-intermediate locations
such as LAOI-1.1(a) well samples contained tritium at 5.7 and 7.5 pCi/L in older samples, although a
recent sample from 2006 was much lower (0.13 pCi/L). Tritium in regional groundwater was not detected
in 98% of samples, and most results were low (median value of 0.05 pCi/L). These data are consistent
with tritium results in the previous report versions 0 and 1, and corroborate the relative groundwater age
differences noted between alluvial, perched-intermediate, and regional locations in previous data and in
the conceptual geochemical model.

The statistical plots for isotopic uranium are provided as Figures C-63 and C-64. The percentage of
nondetects in regional locations was 4% to 7%, 17% to 33% in the perched-intermediate groundwaters,
and 71% to 57% in the alluvial waters. Median values for each isotope rose from alluvial through perched-
intermediate to regional groundwaters, with low variability within each water type. This finding is
consistent with conclusions of the conceptual geochemical model. These results also are consistent with
previous report versions. Revision 1 of this report (Appendix F and Hakam et al. 2000, 070168) contains
a brief discussion regarding isotope disequilibrium; these data also tend to corroborate that conclusion.
Note that one anomalous detection-limit value of 15.6 ug/L was found for Spring 6. This value tended to
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skew the statistics for the regional aquifer anomalously high. The value is not a normal detection limit and
therefore was deleted from the statistical calculations, even though it is still included in Appendix B.

Other Constituents: TOC (Figure C-16) was detected in low numbers of samples. The regional aquifer
exhibits the lowest mean value and the least variation; little difference was found between the alluvial and
intermediate groundwater. Dissolved oxygen (Figure C-23) values indicated oxic water for all locations
sampled (values between or exceeding 1-9 mg/L). Oxidation reduction potential (ORP, Figure C-24) data
were available on a limited basis and generally indicated positive (oxidizing) potentials with some
exceptions in well R-1. Note that these values should be considered in conjunction with appropriate redox
couples.

Nitrite was detected infrequently and thus exhibited no clear trends (Figure C-10).

Silica (99% detection) varies by location and was slightly higher in the regional aquifer (Figure C-12).
Intermediate and regional locations showed wide variances in silica concentrations.

TDS (Figure C-14) was measured for all locations in the regional aquifer for both filtered and nonfiltered
samples. Filtered data are discussed here. Sacred Spring consistently had higher filtered TDS values
than other regional locations. Intermediate groundwater locations had TDS values that were closer to
those measured at Sacred Spring and Spring 1 than most other regional locations, while alluvial filtered
TDS data were also within the range of most regional locations.

Perchlorate: In the regional aquifer, perchlorate values varied little between filtered and nonfiltered
samples (median value filtered 0.28 pg/L, median nonfiltered 0.315 ug/L), and exhibited low variance. The
lowest values were noted at Sacred Spring. A similar result was noted for the intermediate samples.
These values are consistent with the data discussion in Appendix F regarding atmospheric sources of
perchlorate and low levels of detected perchlorate in a variety of groundwater samples sitewide. In the
alluvium, Pine Spring perchlorate levels were noted to be anomalously high (up to 14.2 ug/L). This is
perhaps a result of having only a pre-2000 data set for Pine Spring, for which a less sensitive analytical
method was used to detect perchlorate.

4.3 Results of Descriptive Statistics

The results of all statistics calculated using the methods described in section 3.4 are presented in

Tables 4.2-1, 4.2-2, and 4.2-3. Statistical values were not calculated for certain constituents because they
did not meet the minimum criteria of greater than 50% detects and more than eight values per analyte.
For the analytes with fewer than eight values, median, mean, maximum, and minimum are shown. For
analytes with greater than 50% nondetects, the number of analyses at each detection limit is shown.
When available, both filtered and nonfiltered results are shown.

The results of the Mann-Whitney U-test are shown in Table 4.3-1. The number of checkmarks indicates
the significance level of the difference between the compared water types. Some comparisons could not
be made, including those for carbonate, perchlorate, nickel, and lead, and other minor metals such as tin,
cobalt, and mercury, because there were fewer than eight detections in the data set for one or more of
the compared water types for that constituent. It is important to note that while these comparisons are
between water types, results from similar populations do not necessarily share the same geochemical
origins or evolution. However, differences and similarities noted here may assist with the interpretation of
the PCA and CA analyses of constituents and locations, as discussed below in section 4.5.

Constituents that showed no significant difference between the regional and intermediate water types
included copper, iron, and zinc metals; cations strontium, potassium, lithium, and magnesium; and
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oxidized anions nitrate, phosphate, and sulfate. Significant or very significant differences were noted for
the metals arsenic, boron, uranium, and vanadium; major cations calcium and sodium; anions including
silica, bromide, fluoride, and chloride; and total alkalinity and pH. These data indicate that oxidized
conditions exist for both water types, as expected. Metals with lower relative abundances such as copper
and iron in the Pajarito Plateau tended to have similar regional and intermediate water types, while
contributors to TDS such as chloride and total alkalinity, sodium, silica, and calcium showed differences
that may be related to the evolution of these groundwater facies with increasing rock contact times. These
differences are consistent with previous observations of the evolution of waters as they move from
intermediate to regional depths.

Between the alluvial and intermediate water types, a large number of constituents were not included in
the calculation because of a lack of detections in either the alluvial or intermediate zones. Similarities
were noted in aluminum, arsenic, boron, iron, sodium, and uranium; and in anions fluoride, phosphate,
sulfate, and silica. Significant, or very significant, differences were noted for barium, calcium, potassium,
magnesium, strontium, and zinc, and for ions chloride and nitrate, as well as for total alkalinity and pH.
Differences in constituents such as nitrate may indicate the effects of the soil profile on nitrate
concentration in shallow alluvial zones. Levels of nitrate were not significantly different between
intermediate and regional zones because there are fewer removal or addition mechanisms in this
pathway. Chloride was also significantly different between the two zones; this may also indicate that
variations in input concentrations are affecting the concentrations in the alluvial zones. Once water
migrates deeper, again there are fewer mechanisms that will affect the concentration of this ion. For
cations, levels of sodium remained similar between the two, whereas cations in lower concentrations such
as barium, calcium, potassium, and magnesium showed differences. This situation might be due to the
proportional effect of variations in rock-water interaction on these lower concentration constituents as
opposed to the effect on a high concentration constituent such as sodium.

The largest number of differences might be expected between the alluvial and regional water types, given
the longer pathways between the two and given that more interactions are expected along those
pathways. This is the case for the constituents that could be compared: silver, aluminum, barium,
cadmium, chromium, iron, uranium, and zinc metals; major cations potassium, magnesium, sodium, and
strontium; and anions and other parameters including fluoride, sulfate, silica, and pH. Similarities
occurred only for arsenic, boron, calcium, manganese, alkalinity, bicarbonate, chloride, nitrate, and
phosphate.

4.3.1 UTL Results and Recommended Background Screening Values

The proposed inorganic chemical background screening values for groundwater are summarized in
Tables 4.3-2a, -2b, and -2c and Figures 4.3-1a and b. Where available, the calculated UTL (Tables 4.2-1,
4.2-2, and 4.2-3) was used as the recommended screening value. UTLs could not be calculated for
certain constituents because they did not meet the minimum criteria of greater than 50% detects and
more than eight values per analyte. With a few exceptions, only filtered samples were used for UTL
calculations. Samples taken from municipal supply wells were treated as filtered. This decision was made
because of the active use of these wells and the number of analyses added to the dataset. Also, in the
case of specific conductance and pH, nonfiltered results were used due to the nature of the analyses.

If a UTL was not calculated, the maximum typical detection limit was used as the screening value.
Usually, this approach was applied to constituents that are rarely detected in groundwater samples.
Exceptions to using the detection limit as the alternative screening value were made for those
constituents that are found in groundwater in abundant concentrations, but, because of the small number
of samples, a UTL was not calculated. This approach was applied to total alkalinity, bicarbonate, TDS,
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and elemental strontium. For these abundant constituents, the maximum measured value for that
particular groundwater zone was selected as the screening value.

For several metals, the typical analytical detection limits and recommended screening values are close to
a regulatory standard, as shown in Tables 4.3-2a, -2b, and -2c. This observation is particularly true for
antimony, arsenic, mercury, selenium, and thallium. It is recommended that the screening values for
these metals be adjusted if lower detection methods are utilized. Simply put, if these latter metals are
detected in groundwater, the results should be flagged for more detailed evaluation. The user should
recognize the dependence upon detection limits. For fallout-associated radionuclides, the screening value
is the typical minimum detectable activity. In practice, any detection of radionuclides in groundwater
should result in further evaluation of the result.

Figures 4.3-1a and b illustrate screening values that represent uncontaminated groundwater across the
Pajarito Plateau. They illustrate the summation of water quality, general chemistry, and metals analyses
and parameters from a large data set. They are derived from a large geographical area beneath the
Pajarito Plateau from recharge and discharge zones and across the three groundwater types including
the regional aquifer, which is most strongly represented.

4.4 Results of Data Plots

4.4.1  Spatial Trends in Water Chemistry Results

Spatial trends are discussed here with respect to the conceptual hydrogeochemical model (section 2.2.2)
and the various statistical values and analyses presented. Implicit in this discussion is the location of the
recharge zone in the Sierra de los Valles west of the laboratory, the evolution of groundwater facies in the
regional aquifer along various flow pathways as water moves through the various rock units of the
Pajarito Plateau, the chemistry of these facies which are sampled by various wells on and near the
Plateau, and then discharge of the regional groundwater at various springs in White Rock Canyon. This
section discusses only the current data set obtained between 2000 and 2006.

Figures 2.2-1 a-d show many of the constituents of interest. Statistical data and data distributions are
shown in Tables 4.2-1, 4.2-2, and 4.2-3, while Appendix B lists all raw data used in this report and
Appendix C contains statistical plots.

The statistical relationships discussed in sections 4.3 and 4.5 provide input to the development of spatial
trends in water chemistry. The Mann-Whitney U-test indicates that the intermediate-regional aquifer
means comparisons were mostly from different populations. Only ammonium, bicarbonate, chloride,
magnesium, nickel, potassium, TDS, and pH were from similar populations. More constituents were found
to be from the same populations for the alluvial-intermediate comparisons and the alluvial-regional
comparisons, although these results may be biased by the limited number and high mean values of
alluvial data points.

Figures 2.2-1a and 2.2-1c show general constituent concentrations including bicarbonate, sulfate, silica,
chloride, pH, and nitrate for the intermediate and regional sampling stations. Note that bicarbonate values
are divided by 10 to allow all constituents to be shown clearly within the target diagram scales.

For intermediate locations, general constituents bicarbonate and silica were highest in well LAOI-1.1(a)
and lowest in Canon de Valle-5.0 spring, where sulfate and chloride were highest. Seven Springs also
had low silica but high bicarbonate. All the intermediate locations had low to moderate concentrations of
other general constituents (sulfate, chloride, nitrate, and fluoride) and near neutral pH values, as would be
expected in a recharge zone. In the regional locations, silica and bicarbonate are higher than in
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intermediate locations, with the exception of Spring 9B which is notably lower in bicarbonate. Regional
locations also have higher pH values. All locations showed low values for nitrate, fluoride, chloride, and
sulfate, indicating that they are not impacted by anthropogenic sources of these constituents.

Figures 2.2-1b and 2.2-1d show target diagrams for metals concentrations at the intermediate and
regional locations. Cafon de Valle-5.0 Spring showed the highest level of barium, while Seven Springs
showed higher levels of boron than the other intermediate locations. Potassium and sodium were highest
in well LAOI-1.1(a). Metals concentrations for the perched-intermediate locations tended to be low overall.
In the regional locations, barium is highest at well G-1A and Sacred Spring, while boron is highest at
Spring 1 and wells PM-2, PM-6 and Sacred Spring. Springs 9A, 9B, 9, 8A, and 6A showed low
concentrations of all the mapped metals, as did well R-21. Ancho Spring, Spring 6, and Spring 5B
showed slightly higher levels of calcium and barium. Guaje wells 3A, 4A and 5A showed very similar
metals chemistry along with wells R-1 and R-18. Barium, boron, and sodium all appear to show the trend
of higher mean concentrations in wells and springs northwest of the laboratory. Correlation tables in
section 4.5 indicate strong correlations between boron, TDS, bicarbonate, and sodium.

Constituents of interest with respect to both potential contamination and redox conditions include
chromium and nitrate, while manganese and iron are of interest with respect to redox conditions. A
discussion on speciation of the latter two is given in section 2.2.2. Mean nitrate concentrations are shown
in Figures 2.2-1a and 2.2-1c.

Chromium and nitrate are from significantly different populations when correlation coefficients are
compared (Table 4.5-1). Nitrate values in the intermediate locations are all less than 0.5 mg/L, with Water
Canyon Gallery the lowest at 0.07 mg/L. Mean nitrate in filtered regional samples is 0.33 mg/L, with the
maximum value of 1.05 mg/L at Spring 5B in 2000. (Later data show a decrease.)

Chromium is rarely detected in the intermediate locations (73% non-detects) but Campsite Springs and
well LAOI-1.1(a) showed detections below 1 mg/L. Chromium is detected more frequently (32% non-
detect) in the regional locations, with a higher mean value of 3.44 mg/L. Highest concentrations were
found in wells R-1, PM-4, G-2A, and PM-5.

Arsenic, uranium, and strontium are naturally occurring but also of interest with respect to water quality.
All are higher in the regional aquifer locations than at intermediate locations. Uranium is a significant
factor in factor 1 of the PCA, discussed below in section 4.5, and is known to be higher in Santa Fe Group
sediments than in other aquifer materials (Appendix F).

Strontium is highest in Cafion de Valle-5.0 Spring and in well LAOI-1.1(a) in the intermediate aquifer
(Appendix B). In the regional aquifer, overall filtered values of strontium are near 50 pg/L, with the
exception of Sacred Spring that has values about 10 times higher, and at Springs 1 and 5B, which show
values twice as high. This skews the mean for the regional aquifer high. The PCA discussion (section 4.5)
mentions the difference in groupings between springs 1, 5B, and Sacred Spring and the rest of the
regional locations, and higher strontium concentrations appear to contribute to these differences.

Most concentrations of arsenic lie between 2 and 6 ug/L in the regional aquifer, with one exceptional
value of 12 ug/L, at Spring 6, in 2006. In the intermediate locations, arsenic is typically not detected or is
detected at less than 1 pg/L.

Tritium variation is discussed in detail in section 2.2.2. Generally tritium is low in most regional and
intermediate locations, less than 3 pCi/L, indicating older waters and less likelihood of mixing with
younger waters along flow paths. Insufficient detail is available for the alluvial locations, however,
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previous work (Appendix F) discusses higher concentrations found previously in alluvial locations and the
young relative ages of those waters.

4.4.2 Temporal Trends in Water Chemistry Results (2000-2006)

Some specific locations and overall regional groundwater data were examined for temporal trends in
general chemistry and some constituents of interest. Data from the previous report revisions and from
pre-1997 data were also examined. The data set from the current report has excluded wells and springs
that showed upward trends in potential contaminants, such as nitrate, chromate, or well corrosion
indicators (e.g., iron or manganese). This approach reduces the potential for finding upward temporal
trends in the data set. Some locations such as the R-wells, well G-1A, PM-2, and several springs had
more complete data sets over time. Alluvial locations were mostly not evaluated because limited data
were available. Section 4.6 also discusses some temporal data.

TDS and bicarbonate concentrations for the alluvial, intermediate, and regional locations were plotted and
compared with data from Appendix D, Figure D.1-4, which show the relationship between TDS and
bicarbonate for pre-1997 baseline groundwater samples. Results fell well within the regions defined in
D.1-4, although they showed more overlap of the combined alluvial and intermediate locations with the
Santa Fe Group regional locations. This finding indicates that these constituents are not changing
regionally over time. The current data did not show the high concentrations of TDS and bicarbonate found
in well Otowi-4. Several higher concentration valley wells and discharge springs were eliminated from the
current data set because the PCA and CA analysis (section 4.5) grouped those locations (along with well
Otowi-4) in regional group |I.

Regional locations were examined for trends over time with respect to constituents of interest including
arsenic, boron, chromium, nitrate, strontium, and uranium. In many cases, only one perchlorate data point
was available per sampling location, precluding a trend analysis. In addition, most locations showed
variability around a median value but no clear trends. Ancho Spring showed slight increasing trends in
arsenic and nitrate; however, other constituents such as strontium and uranium were stable, while
chromium decreased. Only one data point for perchlorate was available. Well G-1A showed a higher
concentration of strontium in August 2005, which has since decreased. Well R-13 showed an increasing
trend in arsenic; however, decreasing trends in boron, nitrate, strontium, and uranium (late decrease in
2006) also were noted. Well R-21 showed decreases in nitrate. Springs 6A and 8A showed increasing
boron concentrations, while 8A also showed a slight increase in arsenic, and 6A showed decreasing
nitrate. Spring 9 showed an increasing trend in uranium. Spring 9A showed increasing arsenic and boron
values, but decreasing uranium may be occurring as noted by a late (2006) decrease in uranium
concentration. Sacred Spring showed clearly decreasing nitrate, possibly because of improved sampling
at the source since 2000.

Data for general constituents—including bicarbonate, chloride, fluoride, sulfate, specific conductance,
silica, and TDS—were examined for temporal trends. Many locations showed variable constituent
concentrations that varied relatively consistently around a mean value with no trend evident over the time
frame examined. (See statistical Tables 4.2-1, -2, and -3 for more information.) Most trends were slight—
such as a decrease in bicarbonate in G-3A and a decrease in nitrate in well G-4A. PM-2 showed
decreasing specific conductance and silica. One spring that exhibited higher overall constituent
concentrations was Sacred Spring, where chloride, specific conductance and TDS increased and nitrate
decreased. Spring 6 showed increases in TDS and specific conductance. In Ancho Spring, boron, nitrate,
and chloride increased, although other constituents of interest decreased. (See above.)
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While some specific trends were noted, the typical general chemistry and metals values did not tend to be
significantly different than reported in Revision 1 for data from 1997 through 2000. The expanded list of
locations for the perched-intermediate and regional aquifers was not found to have different typical
median values.

4.5 Results of PCA and CA analysis

45.1  Statistical Analysis

Principal component analysis is a multivariate statistical technique for data reduction and for deciphering
patterns with large sets of data (Stetzenbach et al. 2001, 090565). This method was selected to assist
understanding of patterns within the regional aquifer chemistry, which can be highly variable over the
large region of the Pajarito Plateau and surrounding recharge and discharge areas. In using PCA, a large
data matrix can be reduced to two smaller matrices, one consisting of principal component (PC) scores
and the other containing the loadings. The scores help define the chemical signatures for each sample in
the data set. The loadings identify the analytes with concentrations that vary the most in the data set. In
this study, the PCA reduced the 17 analytes to 3 PCs.

Two separate CAs were used to evaluate the PCA scores and group the stations according to similar
chemical signatures. The HCA results are presented as a dendrogram, or “tree diagram” (Figure 4.5-1).
The number of groups is based on visual inspection of the dendrogram. Clusters were determined using
the Ward’s amalgamation method and Euclidean distance linkage. The second CA method, K-means
clustering (KMC), is different from HCA because the number of clusters is preselected at the start of the
analysis, and results are presented in a table showing members of each cluster. In this study, HCA was
run to select a reasonable number of clusters, and that number then was used in KMC.

452 Key Analytes Identified through the Analysis

A correlation analysis was performed on the original data. For this analysis only, supply well metals data
were included with filtered results because of their low turbidity values and to increase the number of
locations in the analysis. Results are presented in Table 4.5-1. The correlation matrix shows substantial
correlation between many of the analytes, providing justification for proceeding with the PCA.

PCs are calculated so that they take into account the correlations present in the original data, but they are
uncorrelated (orthogonal) to one another (Farnham et al. 2003, 094423). The factor loadings determine
the elements that are most correlated within each PC.

The factor loadings identified through the PCA are provided in Table 4.5-2. Factor loadings identify which
analytes “trend together’—in other words, which analytes contribute the most variance within the data set.
The key analytes are identified in Table 4.5-2 along with the proportional amount of variation in the data
set that is explained. The 17 metals/major ions were reduced to 3 PCs (groups of analytes). The 3
components explain 78% of the variation in the data set.

Typically, with PCA, the first PC describes the overall difference in the TDS between samples (Farnham
et al. 2003, 094423). This situation becomes apparent when one views the loadings, which are mostly all
either negative or positive. This fact indicates that all elements tend to be higher in the high TDS samples
and lower in the lower TDS samples. In this study, 9 analytes (a large number) are significant contributors
to the first PC, explaining 40% of the variance. They include bicarbonate, boron, chloride, fluoride,
sodium, sulfate, strontium, and uranium in the positive sense, and silica in the negative sense.
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The second PC is related to the aquifer materials through which the water flowed (Farnham et al. 2003,
094423). In this study, barium, calcium, potassium, and magnesium dominate PC2 in the positive sense
and pH in the negative sense. PC2 explains 23% of the variance.

The third PC often explained differences in the oxidation/reduction characteristics of the waters. PC3 is
dominated by chromium and nitrate in the positive sense. It explains 15% of the variance. While a full
analysis of oxidation and reduction processes would include identification of redox pairs, this PC simply
indicates an effect that may be attributed to these constituents.

45.3 Groundwater Groups ldentified

The number of groundwater groups was selected based on visual examination of the HCA tree diagram
(Figure 4.5-1). The diagram was interpreted to have classified water quality samples from the 35
candidate stations into three major groups (I-lll). A separate CA (not shown) using a K-means method
corroborated the HCA groupings; KMC produced similar groupings of stations for three clusters. The
differences among the major groups defined by HCA were determined to be statistically significant
(p<0.001) using multivariate analysis of variance (ANOVA). Factor scores are plotted in Figure 4.5-2 by

group.

Group Il samples all have significantly higher TDS than group | or Il samples. They also have a wider
range of factor scores (Figure 4.5-2). All of the high-TDS waters are located in the Rio Grande Valley
near the river, mostly in proximity to San lldefonso Pueblo. This general location has been shown to be a
regional groundwater discharge area. Groundwater within a discharge zone, at the end of groundwater
flow paths, generally has the highest mineral or solute content and also represents the oldest water,
provided that mixing with younger groundwater has not taken place. As a result of this analysis, this group
was not chosen for background locations.

Group | waters have moderate TDS concentrations, between Groups Il and Ill. They generally are located
within Los Alamos Canyon and Sandia Canyon. Factor scores for this group range between those of
Group Il and Group lll. This group includes some Pajarito Plateau locations from Revision 1 of this report,
as well as other proposed locations. While some of these locations were screened out because of other
factors, it is significant that the analysis indicates consistency within the grouping.

Group Il waters show the lowest and most consistent TDS concentrations and a narrower range of factor
scores (Figure 4.5-2). This group includes most of the final locations chosen. Former background
locations and newly included locations fall within the group. Based on comments from NMED (2006,
094447), and on the potential for contamination of some locations in Group | from anthropogenic sources
or disturbance of the well chemistry due to corrosion, many of the locations from Group | were eliminated,
and the remaining locations were combined with Group IIl to produce the final list of regional background
locations.

In summary, the analytes that contribute to the first PC are significant major cations and anions indicative
of TDS trends, as well as a trace constituent of interest, uranium. The analytes that contribute to this PC
are indicators of facies evolution within the groundwaters and follow the geochemical model for the site.
The analytes contributing to the second PC can be indicative of the rock type within the aquifer. The
constituents that contribute to the third PC are of interest because they can be naturally occurring as well
as from contamination. This component is important in that it explains variance in redox-sensitive
constituents in and around the Pajarito Plateau. The PCA and CA analysis validates the geochemical
model by grouping the locations that indicate evolved regional groundwater facies chemistry (Group IlI).
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The analysis also addresses the request for a more robust statistical analysis of background by utilizing a
much larger data set with more locations, and it shows that the geochemistry at the newer locations is
similar to the original locations. The geographical context of background is thus broader than indicated in
the original report.

4.6 Chemical Effects of the Cerro Grande Fire on Laboratory Background Sampling Stations

The Cerro Grande fire significantly impacted several major watersheds that drain into and north of the
Laboratory (Gallaher and Koch 2004, 088747). These included Pueblo, Sandia, Mortandad, Pajarito,
Water, Guaje, Rendija, Garcia, and Los Alamos Canyons. The Laboratory has conducted sampling and
analyses of surface water and groundwater to assess this impact within Pueblo, Mortandad, Water,
Pajarito, and Los Alamos Canyons, and Cafion de Valle watersheds (Gallaher and Koch 2004, 088747).
Analytical results collected in June 2000 and May 2002 show that concentrations of major ions and trace
elements have returned to prefire values.

A summary of a geochemical conceptual model of the impact of the Cerro Grande fire on surface water
and groundwater chemistry developed by Longmire et al. (2001, 071362) is presented in this section. Ash
and charcoal produced from the Cerro Grande fire consisted of complex mixtures of inorganic and
organic compounds. Calcium, magnesium, silica, potassium, sodium, carbonate, manganese, iron, and
other trace elements were concentrated in the ash and charcoal (Longmire et al. 2001, 071362). Long-
chain aliphatic, paraffin, aromatic, and polycyclic aromatic compounds were hypothesized to be
concentrated in the ash and charcoal contributing to the hydrophobic nature of the residual soil. During
the fire, organic carbon oxidized to form bicarbonate and carbonate, causing precipitation of CaCO,
(calcite) (Longmire et al. 2001, 071362). Calcite has been observed within ash samples of ponderosa
pine, aspen, and scrub oak collected on the south rim of upper Los Alamos Canyon (Longmire et al.
2001, 071362). This precipitation process resulted in higher concentrations of dissolved calcium and
bicarbonate in storm runoff and base flow.

During storm events, ash and charcoal were washed into canyons, carried downstream, and redeposited.
After the fire, TOC and DOC concentrations in surface water were elevated because of the redistribution
of ash, charcoal, soot, and other forms of organic carbon concentrated in surface water (Longmire et al.
2001, 071362). Storm runoff, consisting of a mixture of rainwater, ash, charcoal, and sediment, was
characterized by a calcium-potassium-bicarbonate solution having a TDS content greater than 100 mg/L
(Longmire et al. 2001, 071362; Gallaher and Koch 2004, 088747). The TDS content of the ash-rich water
was higher than prefire storm runoff and base flow. By 2002, the TDS content of base flow had returned
to concentrations observed during prefire conditions in several major watersheds (Gallaher and Koch
2004, 088747).

4.6.1 Analytical Results for Selected Springs and Well LAO-B

The following discussion incorporates data from Revision 1 of this report as well as newer data added
from the current data set. Historical results from Apache Spring are retained for continuity; however,
Apache Spring has since been contaminated with road salt runoff and is not used elsewhere in
Revisions 2 and 3.

Results of analyses of Apache Spring, Water Canyon Gallery, Pine Spring, and Cafion de Valle-5.0
Spring from June 2000 are provided in Table 4.6-1. Additional data for Water Canyon Gallery and Cafion
de Valle-5.0 Spring from this report collected in 2005 also are included. The June 2000 analytical results
for Apache Spring, Water Canyon Gallery, Cafion de Valle-5.0 Spring, and Pine Spring were not included
in the statistical analysis for the background data set in Revision 1 because impacts from the Cerro
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Grande fire were observed. No new data were available for Pine Spring for this report revision. Apache
Spring was not evaluated for this report revision because of road-salt contamination.

Data from Revision 1 of this report (LANL 2006, 094637) indicated that Water Canyon Gallery and Cafion
de Valle-5.0 Spring were not impacted by the Cerro Grande fire—as shown by similarities in water
chemistry (major ion and trace element) before and after the fire.

Pine Spring, however, may have been impacted by ash-rich runoff, which resulted in elevated
concentrations of major ions, most notably calcium, sulfate, carbonate alkalinity, and TDS (Figure 4.6-1),
and some trace elements, including manganese (Figure 4.6-2). Concentrations of manganese increased
at Pine Spring immediately after the fire in response to increasing DOC.

Organic carbon, when used by heterotrophic microbes, is a strong reducing agent (electron donor) that
has the capacity to reduce many solutes, including manganese, iron, nitrate, sulfate, and uranium
(Langmuir 1997, 056037). This change in redox chemistry resulting from the fire increased the solubility
of manganese oxides and (oxy)hydroxides. Under oxidizing conditions, manganese(lll, IV) is stable as
MnOOH and manganese oxide, but under reducing conditions, these solids dissolve to form soluble Mn?*.
The aqueous chemistry observed at Pine Spring during June 2000 was expected to return to prefire
conditions over time, depending on the residual amount of ash, charcoal, and other organic material
derived from the Cerro Grande fire. Elevated concentrations of dissolved manganese in surface water
(base flow) were observed elsewhere upstream of the Laboratory (in Los Alamos Canyon and

Pajarito Canyon) after the fire (Gallaher and Koch 2004, 088747).

Sampling of Water Canyon Gallery by the Laboratory since the fire, however, showed that this sampling
station had returned to pre-Cerro Grande fire conditions by 2002 with respect to major ions and trace
elements. This observation is supported by the more recent data from this Revision 2 of the report,
collected between 2001 and 2005. Data from the sampling in July 2005 is shown in Table 4.6-1. Although
data from 2001 to 2005 for sulfate, chloride, and aluminum show variable (increasing then decreasing)
trends during that time frame. Other indicators such as TDS, calcium, and other metals and anions, show
decreasing trends or stable concentrations.

Carion de Valle-5.0 Spring shows concentrations of chloride and sulfate that are slightly higher than the
June 2000 data; however, decreasing trends were noted between March 3, 2005, and July 11, 2005, for
both metals and anions.

Well LAO-B was not strongly affected by the Cerro Grande fire. However, upper Los Alamos Canyon west
of the well was severely impacted. Ash present in runoff recharged alluvial groundwater in the canyon
that resulted in iron and manganese reduction, elevated concentrations of major cations and anions, and
trace elements in several watersheds (Gallaher and Koch 2004, 088747). Prefire conditions have been
restored at the well, however, based on the analytical results for major ions (excluding calcium and
magnesium), and trace anions (fluoride), excluding trace elements largely collected from June 2000
through May 2002 (LANL 2004, 087390). The latest data (Table 4.6-1) from this well indicate that no
further changes have occurred at the well outside of normal low fluctuations in constituent concentrations.

Well LAO-B represents baseline data that are unimpacted by the Laboratory. While LAO-B has shown
some postfire effects and a return to prefire conditions, it is not possible to resolve the effect of the Los
Alamos reservoir beyond that of the Cerro Grande fire. Addition of background wells in the future may
provide data that clarify the effect of the reservoir on the alluvial groundwater. Potential impacts may be
associated with anoxia of reservoir sediments, the distance from the reservoir, and underflow of alluvial
groundwater below the reservoir but cannot be clearly discerned at this time. Well LAO-B is intended to
provide a baseline for the wells downcanyon and for other alluvial locations.
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5.0 SUMMARY AND CONCLUSIONS

51 Summary

A revised hydrogeochemical background investigation of groundwaters was conducted for the Laboratory
in 2006 and 2007. This data set provides the most recent set of background groundwater chemistry
analyses conducted for the Laboratory. This study included a comprehensive field, chemical,
radiochemical, and statistical investigation of 29 sampling stations within the Pajarito Plateau/Jemez
Mountains region from 2000 to 2006. Groundwaters from alluvium, Bandelier Tuff (Otowi Member and
Guaje Pumice Bed), Tschicoma Formation, Cerros del Rio basalt, hydromagmatic deposits, Totavi
gravels, and Santa Fe Group sediments were sampled, analyzed, and evaluated as part of this
investigation. The sampling sites for this investigation were chosen to provide background data for
groundwater occurring in shallow alluvium (well LAO-B and Pine Spring), perched intermediate
groundwater within volcanic rocks [Seven Springs, Water Canyon Gallery, upper Cafion de Valle Spring,
Campsite Springs, Barbara Spring, and well LAOI-1.1(a)], and the regional aquifer (Spring 5B, Sacred
Spring, Spring 6, PM-2, PM-4, PM-5, Spring 9, Ancho Spring, Spring 6A, Spring 8A, Guaje wells 1A, 2A,
3A, 4A, 5A, wells R-1, R-13, R-21, Spring 9B, and Spring 1).

The overall objectives of Revision 2 of this report were fulfilled and included the following:

e analyzing additional more recent groundwater samples from background stations (springs and
wells) for alluvial, perched intermediate groundwater, and the regional aquifer between 2000 and
2006; and

e providing validated analytical results and statistical distributions for the different analytes
occurring within alluvial, perched intermediate groundwaters, and the regional aquifer.

General tables of analytical data are presented in Appendix B. Results of statistical analyses, including
minimum, mean, median, maximum, one standard deviation, 5", 10", 25", 75", 90", and 95" percentiles,
geometric mean, skew, percent nondetects, and UTLs are provided for the alluvial groundwater

(Table 4.2-1), perched intermediate zones (Table 4.2-2), and the regional aquifer (Table 4.2-3). The
tables containing results of statistical analyses are grouped by filtered and nonfiltered samples for each
aquifer type. Other parameters, including the number of samples and number of detects and nondetects,
are also provided in Table 4.2-4. Table 4.3-1 shows results of a Mann-Whitney U-test of means between
different aquifer types for selected analytes. Table 4.5-1 provides correlation coefficients, and Table 4.5-2
provides PCA and CA results on relationships within the regional aquifer. Tables 4.3-2a, b, and ¢ provide
screening values for the analyzed constituents.

Hydrogeochemical data and hydrogeologic information collected during the background investigation
satisfy the Consent Order requirement, Section I1V.A.3.d, which stipulates that the respondents shall
determine the background concentrations for naturally occurring metals and general chemistry
parameters in alluvial, intermediate, and regional groundwater. This revised background investigation
report lists the background concentration for each metal and the general chemistry parameters and states
the bases for selecting each such concentration. Background distributions of solutes presented in this
revised report are applicable to Laboratory site evaluation.

5.2 Geochemical Variations among Groundwater Types

Important physical, geochemical, and statistical attributes of alluvial and perched intermediate
groundwater and the regional aquifer are summarized in this subsection.
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e Groundwater temperature increases with depth from the alluvium to the regional aquifer in
response to ambient and Jemez Mountains geothermal gradients. Temperature measurements of
groundwater are very useful in differentiating perched intermediate systems from the regional
aquifer (LANL 2006, 094637).

e The three aquifer types are characterized by a pH range of 6.0 to 9.2, with the greatest variation
within perched intermediate groundwaters. The most basic pH measurements were associated
with the perched intermediate groundwaters. Most regional results are near neutral pH.

e Concentrations of calcium, magnesium, sodium, and potassium are generally lowest within the
alluvial groundwater (as represented by well LAO-B) and highest in the regional aquifer, when the
short-term effects of the Cerro Grande fire are discounted. The range of major cation
concentrations is generally the lowest for the alluvial system and the highest in the regional
aquifer. The same compositional trend is generally observed for the major anion bicarbonate
between the three aquifer types. Mean value comparisons of chloride and sulfate among the
three aquifers, however, indicate significant differences between aquifer types, according to the
Mann-Whitney U-test (Table 4.3-1).

e Concentrations of nitrate (as nitrogen) are the lowest within the alluvial system compared with the
perched intermediate system and the regional aquifer. Concentrations of nitrate (as nitrogen) are
typically <0.6 mg/L in groundwater beneath the Pajarito Plateau and are greater than 1 mg/L at
Spring 1 in White Rock Canyon near the confluence with lower Los Alamos Canyon.

e Concentrations of fluoride are similar in the alluvial and perched intermediate waters and increase
in the regional aquifer. The greatest range of results is found in the regional aquifer.

e Background concentrations of arsenic, barium, boron, bromide, strontium, and uranium were
lowest within alluvial groundwater and highest within the regional aquifer. The highest
concentrations of dissolved arsenic (3.7 to 4.4 pg/L) were measured at Spring 1. Mean
concentrations of these trace elements within the perched intermediate groundwater tended to be
similar to the alluvial groundwater mean concentrations and lower than the regional aquifer mean
concentration.

e Background concentrations of uranium are remarkably uniform (<0.6 ug/L) in the regional aquifer
beneath the Pajarito Plateau and substantially increase at Spring 1 east of the plateau.

e Background/fallout activities of tritium are the highest for the Sierra de los Valles springs and
alluvial groundwater (well LAO-B and Pine Spring) and the lowest within the regional aquifer (less
than 3 pCi/L). This finding indicates the age of groundwater is generally increasing with depth.

5.3 Uncertainties

A revised investigation of groundwater chemistry, hydrostratigraphy for background locations, and
detailed statistical analyses was conducted in 2006 and 2007. A high degree of confidence lies within the
background water chemistry data as a result of this investigation because of the increase from 12 to 29
sampling stations and because of additional analyses performed on the data in comparison to what was
done in earlier revisions of the report. However, several uncertainties should be taken into consideration
in light of the conclusions of this study.

1. The detailed lithology, the criteria for stratigraphic divisions, and the nomenclature of sedimentary
units beneath the Pajarito Plateau retain many uncertainties (i.e., compare the highly contrasting
stratigraphy of Purtymun [1995, 045344], with that of Goff et al. [2002, 088776]). Because units
such as the Puye Formation, Totavi Lentil, and various subunits within the Santa Fe Group host
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or partially host the regional aquifer, an improved geologic framework is needed to reduce
uncertainty in the hydrostratigraphy of the Santa Fe Group.

As the geochemical and geohydrologic conceptual models continue to evolve, uncertainty is likely
to decrease in groundwater flow paths, solute and groundwater residence times, age(s) of deep
groundwater, and hydrogeochemical processes that control groundwater composition.

Uncertainties exist about the complete representative nature of groundwater chemistry within the
alluvium; currently, there are only two background sampling stations.

The data collected from wells and springs during this investigation reflect background. However,
the long-term (50 yr and more) chemical composition of background sampling sites within and
downgradient of the Laboratory is likely to evolve over many decades.

Conclusions

This background investigation report is an evaluation of the applicability of background sampling
locations, the quality of background data from those locations, and the distinguishing characteristics of
the aquifer types sampled. Results of this investigation, including hydrostratigraphic descriptions, multiple
chemical analyses, and statistical evaluations of multiyear data sets, provide a technically defensible
background database for subsurface water sampling locations for the Pajarito Plateau and Sierra de los
Valles. These locations are shown to be free of Laboratory anthropogenic influences and are considered
to be valid background locations with respect to the Laboratory. The aquifers studied exhibit specific
chemical characteristics that will be used for future data screening and comparisons.

The addition of new intermediate and regional aquifer stations has not changed the conceptual
model. Instead, it has provided data that fits well within the model.

The short-term effects of the Cerro Grande fire on several of the background sampling sites
within the Sierra de los Valles (Apache Spring, Water Canyon Gallery, upper Cafion de Valle-5.0
Spring, and Pine Spring) and upper Los Alamos Canyon (well LAO-B) have been assessed.
Groundwater chemistry has returned to prefire conditions at the two most impacted background
sampling stations (well LAO-B and Pine Spring).

Natural variability exists in regional background groundwater chemistry within the Pajarito
Plateau. According to the PCA, Spring 1, Spring 5B, and Sacred Spring belong to a different
geochemical facies than other sampling stations within the regional aquifer on the Pajarito
Plateau. This finding is verified by the other statistical comparisons.

Statistical parameters describing distributions of trace elements, such as antimony, beryllium,
cadmium, lead, and thallium, are complex because of the high percentage of nondetects.
Statistical relationships among trace elements with a higher detection rate, such as iron, were
less complex and indicated similarity between alluvial and perched intermediate groundwaters.

In Revision 2 of this study, perchlorate values were consistent with previously measured data.
The median values within the regional aquifer were slightly higher (0.314 ug/L) than the perched-
intermediate median value of 0.159 pg/L. The previous median value in Revision 1 was

0.27 pg/L. All results had low variances.

Statistical analyses of the groundwater samples have advanced the understanding of solute
distributions within the three aquifer types. Many of the major ions are log-normally distributed,
which is a direct function of mineralogy of aquifer material, groundwater chemistry, microbial
populations, and solute and groundwater residence times. Statistical comparisons for significance
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between means indicated that some constituents are from different populations between different
aquifer types. PCA and CA comparisons showed that the regional aquifer can exhibit different
chemical facies with location.

o While some specific trends were noted, the typical general chemistry and metals values reported
here for data from 2000 through 2006 did not tend to be significantly different than was reported
in Revision 1 of this report (data from 1997 through 2000). The expanded list of locations for the
perched-intermediate and regional aquifers generally did not have different typical median values.

o When distinct regional geochemical populations are combined, as in Revision 2, higher screening
values are derived for some constituents than if the populations had been separated.

e Screening values presented in this report represent uncontaminated groundwater across the
Pajarito Plateau. These are conservative values in that 95% of detections are below these values
(UTLs). They illustrate the summation of water quality, including general chemistry, and metals
analyses and parameters from a large data set over a large geographical area and within three
groundwater types.
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Average concentrations for pH and selected major ions for intermediate background locations (Note: All values represent nonfiltered averages, except where noted with an 'F for filtered. The exact value is listed for concentrations

off-scale. Some constituent values are divided by 10 as noted to fit the target scale.) Note: R-18 was removed from the statistical data set during finalization of this report revision but is included in the data set used to make this figure.
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Figure 2.2-1b.

Average concentrations for selected metals for regional aquifer background locations (Note: All values represent nonfiltered averages, except where noted with an 'F' for filtered. The exact value is listed for off-scale concentrations.)
Note: R-18 was removed from the statistical data set during finalization of this